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Abstract
While titanium exhibits excellent mechanical and corrosion resistant properties, its
high price severely limits its applications. The inefficiency of the Kroll process, the
predominant production method for titanium, has contributed to titanium’s high price.
There is ongoing research dedicated to the development of a more efficient/cost effective
method of titanium production. The most significant development is the Fray, Farthing,
Chen (FFC) Cambridge process which demonstrated that high-purity titanium can be
extracted directly from its oxide through an electrolytic process, without the need of a
metallothermic reduction step. For this research, it was hypothesised that titanium
could be electrolytically extracted from New Zealand Steel iron slag as it is rich in
TiO2 (34 wt.%), and the composition of the slag indicates it could form a viable
electrolyte. This would transform a low value secondary product, currently used as
roadfill aggregate, to a prized material.
This research forms the basis of a larger project as it focuses on the development of
ultra-high temperature experimental capabilities for electrolysis experiments and in
the performance of preliminary electrolysis experiments to guide future research.
ii
Overall, a support structure was designed and produced for a MTI GSL-1700X-100VT-
UL vertical tube furnace to allow for ultra-high temperature electrolysis experiments.
The thermal profile of the furnace was examined through direct experiments and
software modelling to ensure the long-term usage of the furnace. Preliminary electrolysis
experiments showed a layered structure of partially reduced Ti/Si directly on the
cathode and pockets of partially reduced Ti/Si in the surrounding electrolyte. The
electrolytic process had a low current efficiency of 1.1% which was theorised to be due
to the electrolytes high electrical conductivity.
iii
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Titanium is a highly valued metal, prized for its physical properties, such as its high
strength-to-weight ratio. Its name is derived from the titans: Greek mythological
beings with super-human strength [1]. Titanium is the ninth most common element
[2] found in the Earth’s crust and exists naturally in various oxide states. The metallic
form of titanium, and its alloys, exhibit excellent mechanical and corrosion resistant
properties [3]. Titanium commands a high market price of 56 USD/kg [4] which is
7000% more expensive than carbon steel (0.8 USD/kg [5]). This high cost restricts
its use to applications where cost is subservient to performance such as aerospace,
military, bio-medical, and high performance sports products [6][7].
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Titanium’s high market price is due to its expensive production and purification
process. The primary industrial production method for titanium is the Kroll process
which, as of 1993, accounts for 80% of global titanium production [8]. The Kroll
process is a slow, batch process which results in high operating costs. Prior research
has been dedicated to alternative methods of production in the hope of reducing the
cost of production. For instance, the Armstrong process is a development on existing
techniques to make a cheaper, continuous process [9]. The FFC Cambridge process
demonstrated the viability of an electrolytic extraction method when they successfully
produced titanium from titanium dioxide through electrochemical reduction.
New Zealand Steel (NZS) utilises ironsand as a feedstock to produce iron which
is further processed to make steel. Ironsand contains significant quantities of TiO2,
approximately 7wt.% [10], which is not utilised in the process and as such is concen-
trated in the iron slag to 33wt.%, as shown in Table 1.1. Currently, the iron slag is not
processed any further. It is treated as a secondary product and is used as an aggregate
to make inexpensive roadfill [11].
Table 1.1: Chemical composition of NZS iron slag and ironsand as determined by x-ray
fluorescence (XRF) analysis [10].












With the developments made in electrolytic extraction by the FFC Cambridge process,
it was hypothesised that the TiO2 present in the NZS iron slag could be reduced to
form high-purity titanium through an electrolysis process. Electrolysis is an attractive
alternative to traditional metal production methods because it can in theory reduce
material with just electricity and evolves only oxygen, if coupled with an inert anode.
Molten oxide systems have the potential to be suitable electrolytes, an important
component of an electrolysis process. This is due to their thermal stability, high
reduction potentials, and good mass transport properties [12]. Hence, the NZS iron




Research into this area has potentially significant economic implications for New
Zealand businesses and as such, a grant (UOCX1605) was awarded from the Ministry
of Business, Innovation, and Employment. The grant established two research aims for
the project along with the critical steps needed in order to achieve these aims:
• Understand critical properties to develop the ultra-high-temperature electrolytic
process.
– Measurement of critical slag properties and variability.
– Selection of thermodynamic modelling software.
– Prediction of slag and electrolyte critical properties.
• Electrolytic production of titanium from waste slag material.
– Determine the influence of electrolysis conditions on titanium production.
– Development of an ultra-high-temperature reference electrode.
– Characterisation of deposited metal product at the cathode.
The overall goal of this research was to determine if the electrolytic extraction of
titanium from NZS iron slag is feasible. A critical aspect of this, and a focus of this






To broaden the understanding of titanium extraction processes and therefore the
challenges associated with them, a literature review was performed. This review
examined the various industrial and research production methods for titanium along
with the research preformed into high temperature electrolysis processes. As an
electrolysis process is the focus of this project, fundamental aspects of electrolysis
and the role of the electrolyte were studied. Lastly from a practical standpoint,
high-temperature furnaces, and the governing phenomena, were examined.
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2.1 Titanium Production Methods
2.1.1 Hunter Process
The Hunter process was developed by Mathew A. Hunter in 1910 [13] and it involves
the conversion of TiCl4 to Ti with the use of sodium as a reducing agent, as shown
in equation 2.1b. Sodium metal is added to a retort and heated to 900◦C. TiCl4 is
then added which was prepared by the chlorination of TiO2, as stated by equation
2.1a.
TiO2 + 2C + 2Cl2 −→ TiCl4 + 2CO (2.1a)
TiCl4 + 4Na −→ Ti+ 4NaCl (2.1b)
Once the reaction has taken place, the mixture is cooled and the NaCl-Ti mixture
is removed from its container by chipping the material out. The remaining NaCl is
leached out by washing the titanium chips with HCl, leaving titanium. The process is
inefficient due to the large requirement of sodium which cannot be reused between
batches. Furthermore, it needs large volume containers, is time consuming, and labour
intensive. The Hunter process was succeeded by the Kroll process. According to a
report written in 2001 [14], there is only one factory still using the Hunter process.
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2.1.2 Kroll Process
Figure 2.1: Process diagram for the production of titanium via the Kroll process.
Obtained from: [15].
The Kroll process was patented in 1940 by William Kroll [16] and is the primary
industrial method by which titanium is produced to this day. The process involves
the reduction of TiCl4 to Ti with the use of magnesium in a batch-like process. The
reaction mechanism is described in equations 2.2a - 2.2c.
TiO2 + C + 2Cl2 −→ TiCl4 + CO2 (2.2a)
TiCl4 + 2Mg −→ Ti+ 2MgCl2 (2.2b)
MgCl2 −→Mg + Cl2 (2.2c)
7
The magnesium is heated to 800-900◦C in an argon-rich environment to prevent
oxidation. TiCl4 is added to the mixture and heated to 1000◦C in order to speed up
a relatively slow reaction [17]. On an industrial scale, the process spans over several
days. During this process, the MgCl2 is removed several times by tapping it off. After
the reaction has ceased the retort is opened and the solid material is chipped out. The
titanium is in a sponge-like configuration and has residual MgCl2 and Mg which is
removed by vacuum distillation [18].
The Kroll process is a modification of the Hunter process, using magnesium as opposed
to sodium as the reducing agent. The reason for the change in material is the recovery
of the reactants. The Hunter process produces NaCl which is difficult to process back
to sodium metal but the Kroll process produces MgCl2 which can be processed back
to a metal form via electrolysis [15].
Another key advantage the Kroll process has over the Hunter process is the size
of the containers. In the Hunter process, for every 1 mol of titanium produced, 4 mol
of NaCl is also produced. This equates to 10.2cm3 of NaCl for every 1 cm3 of titanium.
The Kroll process by comparison only needs 2 mol of Mg per mol of titanium, which
is 2.65 cm3 for every 1 cm3 of titanium. This allows the Kroll process to use smaller
retorts which is more energy efficient. While the Kroll process is the dominant form
of titanium production, it is not ideal as it is energy intensive, slow, and requires
reactants which are toxic to individuals and the environment [17].
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2.1.3 Armstrong Process
Figure 2.2: Process diagram for the production of titanium via the Armstrong process.
Obtained from: [15].
The Armstrong process is a modification of the Hunter process as it follows the same
reaction scheme but operates in a continuous manner, as opposed to a batch reaction.
By operating in a continuous manner, the setup and shutdown time of the process is
minimised thus reducing the amount of labour required. TiCl4 vapour is injected into
a stream of molten sodium which has a higher than required stoichiometric ratio to
reduce the TiCl4 into Ti [17]. The main issue with this approach is that the oxygen
content of the titanium is unacceptable for some titanium applications [19]. The
Armstrong process was developed by Cristal US Inc./International Titanium Powder
Inc. [20] and a pilot plant was opened in 2006 [21].
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2.1.4 FFC Cambridge Process
Figure 2.3: A schematic of the FFC Cambridge process. Obtained from: [22].
The FFC Cambridge process was developed in 2000 [22] and represented a breakthrough,
proving that high-purity titanium can be produced through electrochemical means.
TiO2 powder is sintered together and acts as a cathode in a CaCl2 electrolyte with a
carbon anode. The material is heated to 950◦C and a potential of 2.8-3.1 V is applied
[22]. The TiO2 cathode is reduced to Ti and the liberated oxygen travels through
the electrolyte and reacts with the anode to produce CO/CO2 which is shown in
equations 2.3a to 2.3c. The operating potential is set below the reduction potential
of CaCl2 which allows for the direct reduction of TiO2 without the consumption of
the electrolyte. From an environmental perspective this is an improvement from the
Kroll/Hunter processes which require vast amounts of chlorine. The process is currently
being developed for commercial production by Metalysis [23]. So far, they have been
able to scale up the process to the tonne scale.
Cathode : TiO2 + 4e− −→ Ti+O22− (2.3a)
Anode : C +O2−2 −→ CO2 + 4e− (2.3b)
Overall : TiO2 + C −→ Ti+ CO2 (2.3c)
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However, this process is not without its issues. The diffusion of the oxygen out of the
solid TiO2/cathode is likely to be rate-limiting [22]. The researchers highlighted several
factors which need to be addressed in order to improve its viability for large scale
production [24]. The reported current efficiency for the lab-scale process is 50% which is
not viable for commercial applications. Commercial electrolysis processes aim for a high
current efficiency in order to reduce energy costs. For example, the Hall-Héroult pro-
cess (aluminium’s production method) has a current efficiency between 85 and 95% [25].
While the FFC Cambridge process does not produce as much pollution as the Kroll
process, it is still producing CO/CO2 due to the use of a carbon anode. Inert, commer-
cially viable electrodes need to be developed in order to reduce the pollutants produced.
There are also concerns that the produced metal will rapidly oxidise when removed
from the reactor due to its porous nature. Lastly the sintering of the TiO2 powder to
form the cathode is a time consuming process, requiring a 1000◦C environment which
affects the economic viability of the process.
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2.1.5 Ono and Suzuki Process
Figure 2.4: Reaction scheme of the OS process. Obtained from: [26].
The Ono and Suzuki (OS) process was developed in 2003 [26] and is a modification of
the FFC Cambridge process. Instead of electrolysing TiO2 directly, the process relies
on dissolved calcium in the electrolyte to reduce the TiO2 to Ti. The applied voltage
will then regenerate the oxidised CaO back to Ca and produce CO2 at the carbon
anode as shown in equation 2.4b and 2.4c. As the reduction of TiO2 does not occur at
the titanium cathode, the material can be in powder form which allows for better O2
transfer properties as it has more diffusion pathways [9]. The applied voltage is set
such that it is sufficient to reduce the produced CaO but low enough not to effect the
CaCl2 which is acting as the electrolyte.
TiO2 + 2Ca −→ Ti+ 2O2− + 2Ca2+ (2.4a)
Ca2+ + 2e− −→ Ca (2.4b)




Figure 2.5: Two-electrode configuration for an electrochemical cell.
An electrolytic process is comprised of a reduction/oxidation reaction pair which occurs
spontaneously due to the application of an external potential difference. The most
basic electrochemical cell is comprised of two electrodes (anode and cathode), an
electrolyte, and an applied potential. The oxidation and reduction reactions occur
at the positively charged anode and negatively charged cathode, respectively. A
typical reaction scheme for a metal oxide (MO2) is shown in equations 2.5a to 2.5c.
The electrodes are partially submerged in a conducting medium which facilitates the
transfer of charge and material, known as the electrolyte. Figure 2.5 graphically shows
a two-electrode configuration.
Overall : MO2 −→M +O2 (2.5a)
Cathode : M+4 + 4e− −→M (2.5b)
Anode : O2−2 −→ O2 + 4e− (2.5c)
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The most widely known industrial electrolytic process is the Hall-Héroult process, used
in the industrial production of aluminium. Al2O3 is dissolved in a Na3AlF6 electrolyte
and electrolysed to form Al and CO2, as carbon is used as the electrode material. The
adoption of the Hall-Héroult process has made aluminium a widely available, cheap
material. Before its use, aluminium was comparable in price to silver [27].
2.2.2 Applied Potential
The potential at which the reaction occurs is determined by the difference between
the reduction and oxidation reactions, as stated in equation 2.6.
Ecell = Ered − Eox (2.6)
The individual reactions, known as the half cell reactions, are shown in equations 2.7a
and 2.7b.
Ti+4 + 4e− 
 Ti Ered(@1626◦C) = −1.51V (2.7a)
C +O2−2 
 CO2 + 4e− Eox(@1626◦C) = −1.03V (2.7b)
TiO2 + C 
 Ti+ CO2 Ecell(@1626◦C) = −0.48V (2.7c)
The theoretical half cell reaction potentials are governed by the Nernst equation,
which is influenced by the temperature and the chemical activities of the constituent
compounds. This is shown in equation 2.8.







Where R is the universal gas constant (JK−1mol−1), T is the temperature (K), n is
the number of electrons transferred in the reaction, F is Faraday’s constant (Cmol−1),
aRed is the activity of the reduced compounds, aOx is the activity of the oxidised
compounds, E is the potential (V), and Eo is the standard potential (V).
Figure 2.6: The half cell reduction potentials of key, pure metal oxides across a
range of temperatures [28]. The red vertical lines highlight the potentials at specific
temperatures referenced in the text.
An approximate reduction potential can be determined by calculating the reduction
potential of pure oxide systems. Figure 2.6 shows half cell reduction potentials for pure
metal oxides over a range of temperatures [28]. These potentials were used in equation
2.7 and the full calculations are shown in Appendices F. The graph shows that the half
cell reduction potentials of FeO, SiO2, and TiO2 are -0.81V, -1.59V, -1.61V respectively
when at 1375◦C. This indicates that in order to provide a potential to reduce TiO2,
SiO2 and FeO will also be reduced. The reduction potentials of the actual system may
differ since they are in a solution and not as individual oxide systems.
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Often a potential greater than the theoretical value is applied to the system to overcome
various impeding factors. The difference between the applied (Eapplied) and theoretical
(Etheory) potential is referred to as the over-potential. The three main types of over-
potentials are activation, concentration, and resistance, as summarised in equation 2.9.
Activation over-potential (ηactivation) is due to the activation energy of the reaction
which must be overcome in order for a reasonable reaction rate. Concentration over-
potential (ηconcentration) is due to the concentration changes around the electrode.
As the process continues, electrical migration of ions is relatively reduced and the
surrounding material is depleted. This over-potential can be mitigated by mixing the
electrolyte during electrolysis [29]. Resistance over-potential (IR) is due to the resistive
energy losses across the electrode configuration.
Eapplied = Etheory + ηactivation + ηconcentration + IR (2.9)
Experimentally the reduction potentials of faradaic reactions can be determined through
linear sweep or cyclic voltammetry. In both methods, the voltage is varied between two
potentials at a fixed rate and the current response is recorded, as shown in Figure 2.7.
A current peak or trough is indicative of a faradaic reaction as electrons are diverted
to, or generated from, that reaction [30]. The magnitude of the current peak/trough is
influenced by the potential scan rate, as explained below. As the potential is increased,
the faradaic reaction rate increases until the transport of reactants to the electrode
becomes the limiting factor. Higher scan rates result in a greater current peak/trough
as higher reaction rates are reached before the reactants in the immediate area are
depleted [30]. This identification method is best used in conjunction with theoretical
deposition voltages and ideally should be used for simple systems. Systems that have
materials which deposit at a similar potential may be difficult to detect if the peaks
overlap.
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Figure 2.7: An example of linear sweep voltammetry and the current response showing
a faradaic reaction. Obtained from: [31].
Cyclic voltammetry is similar to linear sweep voltammetry and involves sweeping the
voltage multiple times in a cyclic pattern. The scan rate can be used to identify if
the process is reversible, irreversible or quazi-reversible. If the process is reversible,
varying the scan rate should not alter the reduction potential.
2.2.3 Reference Electrodes
Reference electrodes are used in most setups to allow for the monitoring of the potentials
between the reference and the cathode/anode. An electrochemical cell with a cathode,
anode, and reference electrode is referred to as a three-electrode system. Reference
electrodes act as a neutral comparison point. As it is being used as a comparison point
its potential needs to be known, should be stable, and reproducible across multiple
experiments. Standard reference electrodes produce a stable potential by having a
chemical equilibrium between the solid electrode and the solution. The chemical
equilibrium, and therefore the potential, varies with temperature which requires the
temperature of the system to be known.
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The most common reference electrode is the Ag/AgCl electrode which is a silver wire
covered in silver chloride [32]. When standard reference electrodes cannot be used due
to temperature constraints, pseudo-reference electrodes are used. Pseudo-reference
electrodes are generally pure metals with high melting points. Pure materials lack a
chemical equilibrium and therefore do not have a known potential [33]. This means
that the potential will drift over the course of an experiment. However, Inzelt [33] has
commented that the potentials measured by pseudo-reference electrodes can be constant
depending on the specific system. Graphite [34], titanium [22] and platinum [35] are
examples of pseudo-reference electrodes used in high temperature processes.
2.2.4 Research in High Temperature Electrolytic Processes
In the interest of clean production methods, there has been a significant amount of
research into applying an electrolytic process for the production of iron [36][37][38].
The current production method for iron relies on the carbothermic reduction of iron
oxide and it is estimated that this produces 2.1 billion tonnes of CO2 on an annual
basis [39]. A significant issue in the electrolysis of iron oxide, which is being addressed,
is the selection of an inert anode suitable for evolving only oxygen [37][38].
An oxygen-evolving anode must be able to withstand high operating temperatures; be
chemically stable when in a corrosive molten oxide electrolyte; and not be consumed
during the process by acting as a reducing compound. In order to be usable for
industrial applications, the anode must be able to maintain high current densities
(>1Acm−2) [37]. Iridium was shown to be a viable oxygen-evolving anode material
but only in electrolytes with a low optical basicity (<0.6). A basic electrolyte resulted
in the corrosion of the electrode [37]. The concept of optical basicity is explored in
Appendices G, but it can be summarised as the Lewis acid-base theory for molten
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oxide system where a low optical basicity represents an acidic system. While an
important discovery, it has limited applications due to the high cost of iridium. The
reduction of iron oxide from lunar regolith to produce breathable oxygen for extra-
terrestrial exploration is one of the studied applications [40]. The research into this
application showed that a Ir50W50 alloy was viable as an inert oxygen-evolving anode
material but pure iridium performed better in terms of durability and current efficiency.
A significant development occurred when chromium alloys (Cr90Fe10) were shown
to be a viable oxygen evolving anode material for the electrolysis of iron oxide. The
anode exhibited limited consumption during electrolysis which was due to the anodes
interaction with the electrolyte (wt.%: 42.3% CaO, 42.3% Al2O3, 5.4% MgO, 10%
Fe3O4)[38]. The anode reacted to form chromium and aluminium oxides in its internal
structure which prevented erosion. This research has wide spread implications as the
low cost of chromium alloys allows for a greater number of viable applications.
Molten sulfides have been investigated as an alternative to molten oxide systems. The
electrolytic extraction of copper from a BaS-Cu2S system was attempted and it showed
the successful deposition of Cu at an operating temperature of 1105◦C [34]. According
to Sokhanvaran et al. [34], the 57 wt.% BaS, 43 wt.% Cu2S electrolyte showed partial
ionic conductivity with a minimum of 28% of the total charge being transported by ions.
It was concluded that knowledge of conductivity of the electrolyte and its relation to
the faradaic efficiency would be needed to optimise the process. The general principle
was investigated further and showed that molybdenum, copper, and rhenium could be
extracted from a (BaS)54-(Cu2S)31(La2S3)15 electrolyte at 1226◦C [41].
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Recent research by Yan [42] was carried out to determine if it was possible to reduce
titanium oxide to titanium with the use of a Na3AlF6 electrolyte. This is the same
electrolyte used in the Hall-Héroult process. The system operated at a temperature
of 1050◦C. The conclusions to this research was that an electrolyte containing 92-96
wt.% Na3AlF6 and 4-8 wt.% TiO2 only allowed for the partial reduction of titanium
due to back-oxidation reactions with oxygen. Aluminium was added to the electrolyte
so that the aluminium would bind with the titanium, preventing it from re-oxidising.
This was successful as titanium-aluminium alloys were found.
2.3 Electrolyte
An electrolyte is defined as a solution which dissociates into charged ions used to
support an electrolysis process. Traditional applications are based in aqueous solutions
but for this study the use of molten oxides is explored. An ideal electrolyte should
have the following properties [12].
• The reduction potential of the electrolyte material must be higher than the target
compound to prevent electrolyte reduction during electrolysis.
• Support the movement of charged particles (i.e. be ionically conductive).
• Allow for the reactants to dissolve into the electrolyte to promote mass transfer.
• Form a eutectic with the reactant to reduce the operating temperature as much
as possible.
• Be chemically neutral with respect to the container and electrodes.
The structure of molten oxide systems and the conductivity of the electrolyte are
discussed in greater detail in following sections.
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2.3.1 Network Structure
Figure 2.8: A simplified representation of the atomic structure of a silicon network
and the various component parts of the structure. Obtained from: [43].
NZS iron slag contains large quantities of metal oxides such as TiO2 (32%), Al2O3
(20%), SiO2 (17%), MgO (17%), and CaO (9%). Compounds such as SiO2 exist in a
large network configuration which contributes to its stability and high melting point.
In a pure SiO2 system each individual monomer associates with another three SiO2
compounds, and the pattern continues indefinitely. The oxygen atoms which associate
with the other monomer are referred to as bridging oxygen (BO), as illustrated in
Figure 2.8. The outer-most oxygen atoms which have not yet bonded with another
monomer are called non-bridging oxygen (NBO). This structure can be disturbed by
the introduction of compounds which break the network. Network breaking cations,
such as Ca2+, Mg2+, bond with the non-bridging oxygen preventing the network from
continuing [43]. Amphoteric cations such as Al3+ [44] or Ti4+ [45][46] can act as
network breakers or formers depending on the solution. The structure and physical
properties of a molten oxide electrolyte is then dependent on the level of polymerisation.
The extent of polymerisation (Q) can be quantified by the ratio of non-bridging oxygen






When discussing the conductivity of an electrolyte, the ionic and electronic conductiv-
ity must be considered. Most molten oxides exhibit both forms of conductivity and
therefore are referred to as mixed conductors [47]. Electronic conductivity is defined
as the ability for the material to allow for the flow of electrons. Ionic conductivity
is mostly exhibited in liquid systems where the solution dissociates into positively
charged cations and negatively charged anions. The current is due to the movement of
these charged particles. The concentration and extent of the solution’s dissociation
affects the level of ionic conductivity.
For electrolytic processes, ionic conductivity is desired as it affects the system’s
efficiency. If electrons are flowing through the sample they are not participating in
the desired reaction, they are considered wasted. However, certain levels of electronic
conductivity are sometimes desired in order to maintain the temperature of the melt
through ohmic heating. This has been exploited in the Hall-Héroult process. The
method used to quantify the conductivity is dependent on what type of conductor is
present. The conductivity of a pure electronic conductor is straightforward as it is
directly related to Ohms law. If a potential is applied to the material and the current
is recorded, the resistance can be determined by Ohm’s law, as stated in equation 2.11.
If the geometry of the current pathway is known, the calculated resistance value can








Where κ is the conductivity (Sm−1), l is the length (m), A is the cross-sectional area
(m2) and R is the resistance (Ω). For high temperature operations, the positioning and
shape of the electrodes is an important factor in order to have a well defined current
pathway. There are several specific electrode configurations which enable a reproducible,
well defined current pathway [48]. A common technique when validating an electrode
configuration is to measure a material with a known conductivity and experimentally
determine the shape factor, C = lA (m−1). Using the same configuration, this shape
factor is used to calculate the conductivity of the unknown sample from the measured




Quantifying ionic conductivity requires alternating current (AC) analytical methods
such as electrochemical impedance spectroscopy (EIS). EIS involves the application
of an alternating current across a wide frequency range. The impedance is recorded
and is composed of a real and imaginary part. The real impedance is plotted on
the x-axis against the imaginary on the y-axis; this is referred to as a Nyquist plot.
From this Nyquist plot, Figure 2.9, the electronic and ionic resistance values can be
determined.
Figure 2.9: A Nyquist plot for a mixed conductor used to determine the ionic and
electrical resistance of a sample. Obtained from: [49].
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Figure 2.10: Variation in the transference number of a TiO2 - BaO system with
temperature. Obtained from: [50].
The transference number of a material is defined as the proportion of current carried
by a specific species [49]. The transference number can be stated in terms of the










Where ti and te are the ionic and electronic transference numbers respectively; ie
is the current carried by electronic conductivity; and ii is the current carried by
ionic conductivity. As a material’s resistance varies with temperature, so does the
transference number as shown as shown in Figure 2.10.
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2.4 High Temperature Furnaces
Figure 2.11: An annotated image of a split vertical tube furnace showing the internal
structure. Adjusted from: [51].
Tube furnaces are frequently used in high temperature electrolysis experiments [42][41][36]
due to their ability to control the atmosphere. A tube furnace is comprised of a central
tube which is heated from its exterior surface by resistive heating elements. The tube
is partially housed in an insulated box along with the heating elements which helps
to maintain the temperature of the heated zone. The tube contains the sample and
is orientated in either a horizontal or vertical manner. The vertical configuration
simplifies the introduction of electrodes into the system and therefore is the primary
orientation for electrolytic applications.
25
The choice of tube material is dependent on the maximum temperature of the furnace.
Quartz, mulite, and alumina are common high temperature tube materials with
maximum operating temperatures of 1200, 1500, and 1800◦C respectively.
2.4.1 Thermal Stress and Strain
An important design consideration when using tube furnaces is the potential for the
tube to fracture due to excessive thermal stresses. As the atmosphere is controlled,
often to prevent oxidation, a tube fracture will result in an oxidising environment for
the sample and any supporting systems. Thermal strain is defined as the expansion or




= εT = α∆T (2.16)
Where L is the length of the original material (m), εT is the thermal strain, α is the
linear coefficient of thermal expansion (K−1), ∆T is the temperature change (K), and
∆L is the change in material’s length (m).
Thermal stress occurs when this expansion or contraction is impeded by an external
or internal constraint [52]. In the context of a vertical tube furnace, an external
constraint could take the form of a clamp holding the tube at the correct height or
the surrounding refractory preventing the tube from expanding. Internal constraints
are primarily caused by sections of the material expanding by different amounts. This
is caused by the material not having a uniform temperature which will result in part
of the material expanding more than the rest [52]. Impurities or different phases in
a material can result in sections of the material with a different thermal expansion
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coefficient, so even if there is a homogeneous temperature distribution, there will
still be thermally induced stresses [53]. An example of this is with alumina tubes
which have been shown to display a higher thermal shock resistance at high purities
[54].
Excessive thermal stresses can result in either the development, or the propagation
of existing cracks which can cause a fracture [53]. To prevent this, external and
internal constraints should be kept to a minimum. The external constraints can be
minimised by holding the tube in a manner which allows for its free expansion and
contraction, and ensuring the internal refractory is not inhibiting expansion. Internal
constraints can be reduced by utilising high purity tube materials, and ensuring that the
temperature distribution along the tube is even so that there is no sudden temperature
changes. External and internal insulation can be applied to enforce this temperature
distribution.
2.4.2 Radiative Heat Transfer
As the furnace temperature increases, radiative heat transfer becomes the primary form
of heat transfer, due to the strong relationship between a materials temperature and
the quantity of radiative energy emitted. This is described in the Stefan-Boltzmann
law, and is shown in equation 2.17.
qemitted = σT 4 (2.17)
Where qemitted is the emitted heat flux (Wm−2), σ is the Stefan-Boltzmann constant
(5.67 x 10−8Wm−2K−4), and T is temperature of the material (K). The Stefan-
Boltzmann equation assumes that the material is a black body. Black bodies absorb
all incident radiation (absorptivity = 1) and the quality and intensity of its emitted
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radiation are solely dependent on its temperature [55]. Grey bodies are a more realistic
description of a material and only absorb a portion of the incident radiation. The
ratio between the energy emitted from a material and that of a black body is defined
as its emissivity, ε. This will range from 1 (a perfect black body) to 0 (a perfect white
body). Equation 2.18 states the emitted heat flux for a grey body.
qemitted = εσT 4 (2.18)
When an emitted radiation wave impacts a surface it can do one of three things. It can
be reflected, absorbed, or transmitted through the material. Graphically this is shown
in Figure 2.12. The chance of this happening is based on the materials reflectivity (ρ),
absorptivity (α) or transmissivity (t) values respectively.
Figure 2.12: A graphical representation of an incident radiation wave and the potential
interactions it can have with a material.
Applications involving radiative heat transfer often use thermal modelling software due
to the complexity in determining the view factors and the time required to calculate
the heat flux equations. In Section 4.3, an ANSYS model is utilised to produce a
thermal model of the furnace. The equations below outlines how ANSYS models
radiative heat transfer and the assumptions it makes.
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The surface-to-surface radiation modelling method assumes that [56]:
• There is no incident radiation transmitting through the material (t=0) [55], i.e.
all materials are opaque.
• All surfaces are diffuse, meaning that the reflected radiation is distributed evenly
in every direction [55].
• All surfaces are grey, therefore that the emissivity and absorptivity are indepen-
dent of wavelength [55].
• Kirchhoff’s law applies (α = ε) [55]
With these assumptions in mind, the energy leaving a surface (referred to as surface
k) can be stated as the sum of the energy emitted, based on equation 2.18, and the
incident radiation that has been reflected. This is shown in equation 2.19.
qout,k = εkσT 44 + ρkqin,k (2.19)
The relative geometries of the participating surfaces impacts the quantity of incident
radiation. Formally this is know as the view factor which is defined as the proportion
of radiation leaving surface 1 which impacts surface 2. By notation this is stated as:
F1→2. As this is a proportion, the sum of the view factors for a single surface will
equal one.







Equation 2.19 and 2.20 can be combined to give equation 2.21





In summary, this chapter has highlighted the current state of titanium production and
the research that has been performed to develop more efficient processes. Additionally,
theoretical background to the relevant aspects of electrolysis, important physical
properties of electrolytes, and important considerations for high temperature furnaces
have been provided. The main body of this thesis is now broken into 4 chapters:
• Chapter 3: The development of an internal support structure for an ultra-high
temperature furnace.
• Chapter 4: The thermal profiling of the furnace in order to commission and
effectively use it.
• Chapter 5: The preliminary electrolysis experiments conducted on the NZS iron
and synthetic slags.
• Chapter 6: The recommendations and conclusions of this research.
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Chapter 3
Development of a Support
Structure for an Ultra-High
Temperature Furnace
This chapter focuses on how the furnace and supporting equipment was sourced and
produced. It covers the previous work done to select a suitable furnace, the design,
construction, and development of the furnace’s support system which was required to
melt and electrolyse a slag sample.
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3.1 Furnace Acquisition
Figure 3.1: An image of a MTI GSL - 1700x-100VT-UL vertical tube furnace, purchased
for this project. Obtained from: [57].
At the commencement of the project it was determined that an ultra-high temperature
furnace would be required due to a lack of suitable equipment in the university. As
such, work was carried out by former researchers [58] to purchase a suitable furnace, to
design the necessary systems needed for an electrolysis experiment, and the subsequent
sourcing of the materials. Below is a list of the criteria used to evaluate potential
furnaces for purchase [58].
• It must achieve a temperature of 1700◦C, which is well above the estimated
melting point of the slag (1550◦C [59]).
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• It has to accept an outer tube diameter of 80 - 100 mm.
• A minimum heating zone length of at least 75 mm.
• An included controller capable of multiple heating/cooling segments.
• Ideally as compact as possible with a combined furnace controller assembly.
• A robust construction.
• Easy to operate and dismantle the tube.
• Potential or ability to interface with a computer.
• Compatible with existing labware and furnace accessories.
• The best value in terms of cost and performance.
• A reputable and reliable company with support.
8 furnaces were considered and ultimately the MTI GSL-1700X-100VT-UL furnace
was selected as shown in Figure 3.1. The reasons for this decision are as follows [58].
The University of Canterbury has several MTI furnaces and they have been shown to
be reliable. Before and after the purchase of these furnaces, MTI’s customer service
and technical support was found to be excellent. The MTI furnace has additional
flexibility as it can use a 80 mm or a 100 mm alumina tube. The MTI furnace was
the second cheapest furnace considered, costing 21,733 NZD. While the MTI furnace
cost an extra 3,000 NZD than the (cheapest) Labec furnace, the added functionality
meant it offered more value. For instance, the MTI furnace has an inbuilt stand to
hold the alumina tube, has a small footprint due to incorporating the controller into
the furnace and the package includes vital parts such as the alumina tube and flanges
which would have to be bought alongside the Labec furnace.
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3.2 Design of the Internal Support Structure
Due to selecting the MTI furnace, an internal structure needed to be produced in
order to position the sample in the heated zone. The design not only had to hold the
sample at the correct height, it had to allow for electrodes to be raised/lowered into
the molten material while maintaining an inert environment within the tube. Former
researchers of the University of Canterbury produced two preliminary designs for the
internal support system. The hanging and bottom support designs are shown in Figure
3.2a and 3.2b respectively.
(a) The hanging support system. (b) The bottom support system.
Figure 3.2: Support system designs produced by former University of Canterbury
researchers [58].
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The hanging design, Figure 3.2a, involves suspending a disc from the top flange with
three rods which in turn supports a crucible containing the sample. The bottom
support design, Figure 3.2b, is composed of a small alumina tube which is located
within the primary alumina tube, and rests on the bottom flange. The crucible can
then be placed on top of the small alumina tube.
In terms of the advantages and disadvantages of the two options, the hanging support
system requires more individual parts which need to be joined together which adds to
its mechanical complexity. However, the support rods allow for the radiation shields
and crucible to be positioned at various heights as opposed to the bottom support
system which is at one fixed height unless other tube lengths are used.
The bottom support system is simplistic in nature as it only has one part. This
allows for a very simple assembly but the long tube length and the density of alumina
means that there is a significant amount of weight on the bottom flange. The bottom
support system is considered to be inherently safer due its method of failure. If the
support rods were to crack in the hanging design, it would result in the crucible
being dropped onto the bottom flange. Depending on the mass of the sample this
could cause the bottom flange to fail exposing the molten material to the surrounding
area. In the case of the bottom design if the tube cracked it would still maintain its
structural capabilities as the weight of the crucible and the remaining tube would hold
it down.
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It was decided that the general principles of the hanging support system would be
adopted and continued to be developed. The primary reasons for its adoption was the
design’s flexibility in positioning the internal parts and its use of more commonly sized
parts. The design, as provided, served as a starting point and needed to be developed
further. Listed below are the criteria used to guide the continued development of the
support structure.
• The structure must be able to maintain its structural integrity while operating
in excess of 1650◦C for prolonged periods of time.
• It must be able to be reused for a reasonable amount of experiments/thermal
cycles.
• It should allow for a range of alumina rod/electrode diameters in order to widen
the possible experiments that can be performed.
• It should allow for the placement of alumina blocks on either side of the hot zone
in order to prevent the flanges from overheating due to radiative heat transfer
and to maintain the heat in the hot zone.
• Ideally the parts should be able to be machined through the CAPE department’s
workshop and not require outside vendors.
• It should allow for the containment of an inert atmosphere to prevent reoxidation
of the electrolytically produced material.
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3.2.1 Material Options
The extreme operating temperatures of the furnace (1650◦C) severely limited the choice
of materials. Even among material classes such as ceramics, which traditionally have
a high melting point, only a few members have a sufficiently high melting point e.g.
alumina and yttria stabilised zirconia (YSZ). Refractory metals such as molybdenum,
tungsten, tantalum, and rhenium can withstand the high temperatures but their
performance is reflected in their price. Table 3.1 was created in order to compare
potential materials. The cost, melting point, tensile strength, stability with respect
to oxygen, and ease of sourcing were important parameters which were used as the
selection criteria.
Table 3.1: Advantages and disadvantages of various materials considered for the
support structure.
Material Melting point (◦C) Cost (USD/kg) Tensile strength, O2 stability Availability
Ultimate (Mpa)
Platinum 1768 26,000.0 [60] 145 [61] Stable Uncommon
YSZ 1173-2690 72.0 [62] 745 [63] Stable Uncommon
Titanium 1668 56.0 [4] 220 [64] Oxide layer Uncommon
Tungsten 3422 30.0 [65] 300 [64] Unstable Uncommon
Alumina 2072 0.5 [66] 260 [67] Stable Common
Molybdenum 2623 24.0 [68] 515 [64] Unstable Common
Graphite 3642 1.1 [69] 41 [70] Unstable Common
Stainless steel 1400-1450 3.4 [71] 505 [72] Stable Common
From this comparison, only four materials (alumina, molybdenum, graphite, and
stainless steel) could realistically be used for the various parts of the support system
and these are examined in closer detail. As for the materials that where not selected,
the reasoning was as follows.
• While platinum displays excellent corrosion resistance, stability in oxidising
environments, and a high melting point, its extremely high cost renders it
unsuitable. It may have been useful for small aspects of the design but materials
such as molybdenum were able to perform a similar function more affordably.
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• Yttria stabilised zirconia has better physical properties than alumina but it is
not produced on the same scale which results in a limited range of parts which
are more expensive than its alumina counterpart.
• Titanium was discounted due to having a melting point very close to the operating
temperature. While it will remain as a solid up to 1668◦C, it will lose most of
its structural properties. It can be used as an oxygen capturing device if needed.
• Despite tungsten having a similar market price to molybdenum, it was only
viewed as a potential oxygen capturing material due to its limited availability.
Alumina is a ceramic with an extremely high melting point, 2072oC, and is sold in a
wide range of forms and sizes at a low price. A 600 mm long, 6.35 mm diameter rod
costs 35 USD [73]. The main issue with alumina is its extreme resistance to common
steel tools and its brittle nature. Drilling alumina with steel drill bits results in the
material shattering or at the very least cutting with a rough, imprecise edge. Abrasive
tools such as diamond tipped drill bits allow for a cleaner cut but the range of drill
sizes available limits what can be created. Common production methods for alumina
involve a sintering/extrusion process which produces products with relatively large
tolerances. For instance, the main alumina tube used for the furnace is stated as
having an outer diameter of 102 mm ± 2 mm. Long threaded rods are not common
which means connecting the various parts together would of had to be done with high
temperature adhesives. Alumina is stable in inert and oxygen-rich atmospheres.
Molybdenum is a refractory metal and has been utilised by numerous research groups
[42][34] for high temperature experiments. It is comparatively more expensive than
alumina, 54 USD [74] vs 35 USD for a similarly sized rod, but overall it is an affordable
material. Unlike alumina, molybdenum is soft enough to be machined with common
tools and behaves similarly to cast iron when machined [75]. It maintains reasonable
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mechanical properties while at high temperatures, allowing for a moderate amount
of load to be held by small parts. Threaded molybdenum are readily available which
offers a simplified method to connect the various parts together. While molybde-
num has a high melting point of 2623 oC, it will oxidise to form gaseous MoO3 at
temperatures above 550oC [76]. When cooled MoO3 forms a white crystal structure.
As such, molybdenum requires an inert environment in order to prevent degrada-
tion. Depending on the quantity of oxygen in the system, molybdenum’s tendency
to oxidise can be exploited to act as an oxygen sink and remove trace amounts of oxygen.
Graphite is a cheap, lightweight material and can be machined to a greater degree
of precision than alumina but not to the same extent as molybdenum. A 12.7 mm
OD rod which is 600 mm long costs 12.6 USD [77]. Graphite is mechanically weaker
than either alumina or molybdenum and as such, if it was used to hold any significant
weight, the part would have to be larger than its molybdenum or alumina counterpart.
Like molybdenum, graphite has a high melting point (3642◦C) but will oxidise to form
CO or CO2 when above 800◦C. As such, it requires an inert environment. Graphite is
a more cost effective oxygen sink than molybdenum and will form non-condensible
gaseous CO2 and CO as opposed to MoO3 vapour which crystallises upon cooling
(which would then have to be cleaned up).
The last material to be considered is stainless steel. The most apparent and sig-
nificant shortfall of this material is its relatively low melting point of 1400 - 1450oC.
As such, it would not be able to be used as an internal material but it can be used
in cooler sections of the furnace such as the flanges. The main advantages of using
stainless steel is its low cost; it can be readily sourced; has good mechanical properties;
and can be machined in-house into a wide range of parts.
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3.3 Current Support System Design
The hanging support system shown in Figure 3.2a was used as a starting point and
the design was further refined as more requirements became known. The final system
is shown in Figures 3.3 and 3.5.
Figure 3.3: Annotated image of the current internal support system showing the
various individual components of the structure.
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Table 3.2 contains a summary of the constituent parts of the internal support structure
and details the relevant dimensions, materials selected, and the supplier used. The
functionality and the design decisions made about the individual components are
explained in the sections to be follow. Appendix I contains dimensioned drawings of
key components of the support structure.
Table 3.2: Bill of materials of the parts used in the support system.
Part Quantity (all sizes in mm) Material Supplier
Flanges 2 assemblies 304 stainless steel MTI
Radiation shields (cylinder) 2 x 80 D x 65 H Foam alumina ” ”
Radiation shields (parabolic) 2 x 80 D x 65 H Foam alumina ” ”
Secondary container 1 x 80 OD x 60 ID x 60 H Graphite Graphite Store
Support rods 3x M6 x 600 L, Molybdenum Extreme Bolt
3 x M6 x 350 L & Fastener
Connecting nuts 3 x M6 x 18 H Molybdenum ” ”
Washers 15 x M6 Molybdenum ” ”
Nuts 15 x M6 Molybdenum ” ”
Crucible 1 x 45 OD x 35 ID x 80 H Graphite Baofeng Graphite
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3.3.1 Flanges
Figure 3.4: The individual components in the flange assembly. Obtained from: [57].
The purpose of the flanges is to control the gaseous environment inside the furnace’s
main alumina tube. Using the top flange as an example, the flange consists of two
stainless steel sections. The lower section, left side of Figure 3.4, has a water cooling
jacket, a slightly larger outer diameter than the alumina tube, and can freely move
up and down the tube. The top flange section, right side of Figure 3.4, rests on the
top surface of the alumina tube. To create an air tight seal two silicone O-rings and
a steel pressing ring are situated between the two flange sections, which can be seen
in the centre of Figure 3.4. The bottom flange section is raised and connected to
the top section via three bolts. When the bolts are tightened the silicon O-rings are
compressed against the flanges and the pressing ring, which creates an airtight seal.
The flanges are a stock item from the furnace manufacturer and have been mod-
ified to be fit-for-function. As shown in Figure 3.5, there are three ultra-torrTM
vacuum fittings which allow for items to be raised or lowered into the system. When
the items have been lowered to the correct height the fittings can be tightened to
create an effective gas seal. Two of these ports are dedicated to electrodes with the
third outer-most fitting being used for an internal type B thermocouple. There are
three holes to allow for the support rods to be connected to the flange as well as a gas
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outlet. Should the crucible be used as an anode, the three support rods are electrically
connected together to distribute the current evenly. Depending on the configuration
of the radiation shields, water cooling may be necessary in order to keep the silicone
O-rings below the maximum service temperature of 315◦C [78]. The relatively low
temperatures experienced by the flanges allow for the use of inexpensive stainless
steel.
Figure 3.5: Annotated image of the top flange used in the support system assembly.
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3.3.2 Radiation Shields
Radiation shields were positioned either side of the sample in order to reflect the heat
back towards the hot zone therefore preventing energy loss. Two pairs of shields are
located on either side of the sample. The blocks closest to the sample are parabolic in
shape followed by a cylindrical shield, as shown in Figure 3.3. The reasons for this
configuration are discussed in section 4.3. An ideal radiation shield should be able
to maintain its structure while at high temperatures; be highly reflective; have a low
thermal mass, and low thermal conductivity. This is so the incident radiation is not
absorbed by the shield and propagated away from hot zone.
Two materials were considered and used during experimentation and these were
foam alumina, and to a lesser extent titanium. Foam alumina was used for most exper-
iments due to its high melting point, reflective properties, and low density. Titanium
was only used in one experiment which showed that it was unsuitable due to poor
mechanical properties at high temperatures.
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3.3.3 Secondary Container
The secondary container holds the crucible and is present to capture any molten
material that should escape in the event of the crucible failing. The crucible could fail
due to a number of reasons such as corrosion by the molten material; being thermally
shocked; or physically damaged by the electrodes if they were dropped and impacted
the bottom of the crucible.
(a) 45 mm OD crucible. (b) 20 mm OD crucibles.
Figure 3.6: Annotated images of the secondary container containing varying crucible
sizes.
The secondary container also helps to keep the crucible in an ideal position for the
electrodes. This is achieved by having a circle sunken into the bottom of the container
which is slightly larger than the crucibles being used. An alternative design was created
which allowed for two smaller crucibles as shown in Figure 3.6b. If the crucible fails
the secondary container will most likely need to be disposed of and as such a cheap
material should be used. Graphite was considered the most viable material based on
its cost and low density. Alumina is also a cheap material but the number of holes that
need to be drilled, along with its high density, makes alumina an impractical material.
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Graphite’s electrical conductivity allows for a crucible to act as an anode by providing
the required electrical pathway from crucible to the molybdenum support rods, which
can in turn be connected to a power source.
3.3.4 Support Rods
The support rods connect all of the support structure parts to the top flange. Six
threaded molybdenum rods in total are used with half of them being 600 mm in length
and the rest being 350 mm long. These two sections are connected with molybdenum
connector nuts. The system is broken into two sections due to manufacturing con-
straints as 600 mm is the longest that can be provided. These threaded rods allow
for the variable positioning of the radiation shields and the sample. This proved to
be very valuable as the exact positioning of the radiation shield was a key aspect in
maintaining the furnace’s temperature which is discussed in Section 4.4.
Alumina and graphite were considered as potential materials but were determined to
be less effective than molybdenum due to their physical properties. Also, as discussed
previously alumina cannot be machined easily and as such threaded alumina rods
are uncommon. Without a threaded assembly method, high temperature adhesives
would have to be used which would make adjustments to the height of parts difficult.
To compound this, high temperature adhesives need to be fired before they are ef-
fective and the bulky structure makes this challenging. Graphite threaded rods are
available but are not ideal due to their degradation from daily use. Graphite is a
weaker material than molybdenum and it is a risk that oxidation would weaken this




An ideal crucible in this context should be cheap, resistant to thermal shock, structurally
stable at high temperatures, and must not be eroded by nor chemically affect the








The NZS iron slag has been shown to chemically interact with platinum and alumina
[79]. Alumina has also been shown to absorb the slag into its lattice structure. This
absorption is not ideal as it creates stresses in the crucible as the different materials
will cool with differing coefficients of thermal expansion. For brittle materials such as
alumina, this can create fractures. Graphite and molybdenum have been investigated
and do not show signs of significant chemical interaction/penetration. Graphite was
chosen as the primary crucible material due to its chemical stability, wide range of
sizes, and extremely low cost. Graphite’s electrical conductivity was also considered a
beneficial property as it allows the crucible to act as an anode.
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An example of the interaction NZS iron slag has with the crucible material is shown
in Figure 3.7. The interaction has been shown to be dependent on the iron/iron
oxide content of the slag. Prepared synthetic slags which are of the same chemical
composition, but are free of iron/iron oxide, do not display the interaction, as shown
in Figure 3.8. The composition and use synthetic slags are discussed in greater detail
in section 5.1.1.
Figure 3.7: NZS iron slag displaying wetting behaviour in a graphite crucible, as
indicated by the concave meniscus.
Figure 3.8: Synthetic slag #1 (free of iron) in a graphite crucible. The convex meniscus





The previous chapter covered the work performed to design and develop an internal
support structure for a MTI GSL - 1700x-100VT-UL vertical tube furnace, in order to
facilitate electrolysis experiments. Before these electrolysis experiments were conducted,
a series of commissioning experiments were performed to determine if the furnace was
fit-for-purpose. During these experiments it was discovered, after a fracture developed
in the alumina tube, that the system was susceptible to thermal shock and that the
internal temperature differed from the furnace’s stated temperature by a larger than
expected margin. Before electrolysis experiments could be conducted, these issues had
to be addressed so that the furnace could be used for multiple experiments without
failure and at a suitable temperature. Due to the high cost and procurement time of the
alumina tubes and support materials, a rigorous approach was required to minimise the
chance of fracturing the tube. This highlighted that ultra-high temperature operations
are challenging from an engineering perspective due to operating close to the limitations
of the materials.
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This chapter focuses on the work done to minimise the thermal stress on the system
by experimentally examining the external insulation configuration and the internal
position of the radiation shields. The geometric shape of the radiation shields was
evaluated by the development of a qualitative ANSYS thermal model.
4.1 Commissioning the Furnace
There were two main goals of the commissioning process which are stated below.
• Confirm that the alumina tube and the flange seals would not fail during the
process.
• Confirm that the support structure will maintain its structure and hold at the
same height for the entire process.
To confirm these criteria, the furnace was heated to a temperature of 1600◦C as
described below.
4.1.1 Methodology
The support system was configured to hold a crucible with NZS iron slag sample in the
constant temperature zone of the furnace with cylindrical radiation shields on either
side. The position of the radiation shields was based on the recommended position
from the manufacturer, which is shown in Figure 4.1. Both flanges were water-cooled
at a flow rate of 1200 ccm to prevent the silicone O-rings from melting. The main
alumina tube was held in place by two clamps at either end of the tube. The built-in
clamps are designed so that the clamp will move with the tube as it expands in the
longitudinal direction, preventing restricted thermal expansion of the tube. A 60 mm
ID, 35 mm high molybdenum crucible was 70% filled with NZS iron slag. The sample
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was heated to 1600◦C, held for 90 minutes, and then cooled to room temperature. The
heating/cooling rates used were 10◦C/min when below 1200◦C and 5◦C/min when
above 1200◦C. These were the recommended rates from the furnace manufacturer [78].
Figure 4.1: The recommended placement of the radiation shields for a MTI GSL-
1700x100VT-UL vertical tube furnace by the manufacturer. Obtained from: [57].
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4.1.2 Alumina Tube Fracture
Figure 4.2: The fracture in the alumina tube is shown in red along with the support
structure’s configuration.
Once the furnace was at room temperature, the alumina tube was inspected and
it was discovered that there was a circumferential fracture located in the bottom
half of the tube, close to where the tube exits the internal refractory as shown in
Figure 4.2. Factors which contributed to the fracture and how to minimise these were
investigated.
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Previously in Section 2.4.1 it was discussed how thermal stress is due to the restricted
expansion from internal or external constraints. The most prominent external con-
straints are the clamps holding the tube in place. They were not considered to be a
major constraint due to their ability to expand with the tube. However, as the tube
can be fully supported with a single clamp, subsequent experiments only used one
clamp to reduce this constraint.
A heterogeneous temperature distribution along the tube is a prominent form of
internal constraint and large temperature changes can result in the propagation or
development of the cracks. The fracture is localised, as shown in Figure 4.2, in the
bottom half of the tube, close to where the tube emerged from the internal insulation.
The top face of the radiation shields was also in close proximity to the fracture. It
was believed that the absence of the external insulation resulted in a large drop in
temperature due to the ambient air cooling the tube. While this was not specified in the
furnace’s operating procedure, it was evident that this should have been implemented.
The effects of the external insulation are explored in section 4.2.
The general recommendation for high temperature tube furnaces is to spread out
the longitudinal temperature gradient as much as possible to reduce the maximum
[80]. This is done by applying external insulation in a tiered fashion so that the
thickest part of the insulation is where the tube emerges from the internal refractory.
This helps to prevent a sudden drop in temperature when the tube leaves the inter-
nal refractory. As distance from the opening increases, the insulation thickness is
reduced so that the temperature can dissipate before it contacts the flanges which
have specific temperature requirements. In terms of the radiation shield placement,
this was specified by the manufacturer. It is theorised that the flat face of the shield
reflected the radiation towards the sides of the tube, creating a localised hot section.
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This in turn would have created stress and therefore would have contributed to the
fracture. The heating/cooling rate is an important factor to consider as it effectively
propagates a temperature difference along the tube during the heating/cooling process.
As the tube is heated/cooled it takes time for the tube’s temperature to equilibrate
and a high rate will temporarily create high thermal gradients. Likewise, a slow
heating/cooling rate allows the tube to more closely resemble its equilibrium condition
as it is heating/cooling. The heating/cooling rates stated in the user manual, 10◦C/min
when below 1200◦C and 5◦C/min when above 1200◦C, were compared against other
recommendations to determine if they were appropriate.
Researchers at Callaghan Innovation were contacted as they routinely operate high
temperature tube furnaces. They recommended a rate between 1-2◦C/min [79]. This
value was echoed by an alumina tube supplier, McDanel Advanced Ceramic Technolo-
gies, who recommended a rate of 1.7◦C/min [80] for a similarly dimensioned alumina
tube and also advised against the use of multiple heating/cooling rates. Based on
these recommendations a constant heating/cooling rate of 1◦C/min was implemented
in all subsequent experiments.
Correspondence with MTI revealed that they are aware of the furnace’s sensitiv-
ity to thermal shock and that it is not uncommon for alumina tubes to break on their
first use [81]. This painted a rather bleak outlook on the frequency of tube fractures
with the existing system. As it was not practical to be constantly replacing the alumina
tube, work needed to be done to improve the furnace configuration with the longevity
of the alumina tube in mind.
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Factors influencing the temperature distribution along the alumina tube
The variables that could affect the temperature gradient on the system were identified
and are listed below. As it was not definitive which factor contributed the most to the
fracture, all factors that could practically be improved, were.
• Heating/cooling rate.
• Thickness and height of the external insulation.
• The position of the radiation shields.
• The geometric shape of the radiation shields.
• The use of water-cooling in the flanges.
• The operating temperature.
• The diameter and thickness of the alumina tube.
The two factors that were not addressed were the operating temperature and the
diameter/thickness of the alumina tube. The operating temperature cannot be changed
as a liquid slag is required for an electrolysis process and this is a fundamental parameter.
The thickness of the alumina was investigated but economically, a thinner walled tube
would not be practical. All of the other factors are addressed in sections 4.2 and
4.3.
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4.2 External Thermal Profile Experiments
4.2.1 Introduction
The absence of external insulation material was previously identified as a source of
stress for the system. The ideal configuration of the insulation material was unknown
and experiments were conducted to quantify the longitudinal thermal gradient on the
exposed alumina tube sections, and to use it as a metric. The experimental thermal
gradient values were compared against a literature source [80] for a tolerable thermal
gradient (3.9◦C/mm) and used to guide the configuration of the insulation material.
The temperature of the flanges was also monitored in order to determine if water
cooling would be required to keep the silicone O-rings below their maximum service
temperature of 315◦C.
A series of experiments were conducted which involved heating the furnace to a
certain temperature, then recording the alumina tubes external temperature profile
once it had reached equilibrium. 1200◦C was used as the first hold temperature as the
relatively low temperature was unlikely to result in immediate failure conditions. The
hold temperature of subsequent experiments would be increased in steps if the flange
and thermal gradient values were below their maximum values. If the two conditions
were not met then the configuration of the insulation would of been adjusted. This
was a cautious approach due to the expense of the materials in question and the lead
time to acquire them.
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4.2.2 Methodology
Figure 4.3: Annotated image of the insulation’s configuration on the top section of the
alumina tube.
To measure the temperature along the alumina tube, 10 K-type thermocouples were
produced (5 per section). The thermocouple beads were held against the side of the
alumina tube at known, fixed locations so that with the recorded temperatures, a
thermal gradient could be calculated. The thermocouples were held in place with
various layers of blanket KaowoolTM which in turn was held in place via thin gauge steel
wire which was wrapped around the insulation and gently tightened. This configuration
is shown in Figure 4.3.
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Figure 4.4: The structure of the external insulation and position of the thermocouples.
The distances are stated in mm and are relative to the tube’s opening from the internal
insulation.
Figure 4.4 shows the relative position of the thermocouples and the tiered structure
of the insulation. When the alumina tube transitions from the internal to external
insulation, there is potential for a large temperature change due to the relatively
high localised temperature. This issue is compounded by alumina displaying weaker
mechanical properties at high temperatures, and therefore is more susceptible to
fractures [54]. To address this, the thickest part of the insulation, 25 mm uncompressed,
is situated where the tube emerges from the internal refractory. Loose insulation wool
was gently packed into the spaces where the blanket could not reach. As the alumina
tube progressed away from the opening, the thickness of the insulation was reduced to
10 mm and is then absent right before the flange.
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The thermocouples were connected to two USB TC-08 Pico data loggers which recorded
the temperature at 1 minute intervals. For each experiment, the furnace was heated
at a rate of 1◦C/min, and held at temperature for 90 minutes before measurements
were taken to allow for the tube’s temperature to stabilise. After the hold sequence
the furnace was cooled at a rate of 1◦C/min. The main alumina tube was held in
place with only one clamp on the bottom tube section in order to reduce the external
constraints to a minimum.
4.2.3 Results and Discussion
Figure 4.5 and 4.6 details the thermal gradient values for multiple experiments, across
the length of the top and bottom alumina tube sections respectively. The experiment
temperature was varied between 1200◦C and 1600◦C, with water-cooled flanges used
in three experiments when they were required. The recommended maximum thermal
gradient value is 3.9◦C/mm [80]. The maximum measured thermal gradient values are
shown in Figure 4.7.
Figure 4.5: The exterior thermal gradient of the top alumina tube section. The
”WC” denotes the use of water-cooled flanges. The red horizontal line represents the
maximum thermal gradient. As discussed, the results from thermocouple #4 and #5
were not used to draw conclusions.
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Figure 4.6: The exterior thermal gradient of the bottom alumina tube section. The
”WC” denotes the use of water-cooled flanges. The red horizontal line represents the
maximum thermal gradient.
During experimentation, thermocouple #5 showed signs of intermittent physical contact
with the tube, which corresponded to large deviations in the reported temperature.
Therefore, the thermal gradient between thermocouple #4 and#5 was overstated and
was not used to draw conclusions. It is included in Figure 4.5 for comparison. The
first experiment performed was at 1200◦C and the highest thermal gradient value
obtained was 51% of the threshold. The highest values for the top and bottom sections
were 1.78 and 2.04 ◦C/mm respectively. The temperature of top and bottom flanges
were also below the maximum service temperature of silicon (315◦C) at 95 and 127◦C
respectively.
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Figure 4.7: The maximum thermal gradient values obtained from the top and bottom
alumina tube sections, across five experiments. The suffix ”WC” indicates the use of
water-cooled flanges.
As the conditions were met, the next experiment was performed at 1400◦C. The
200◦C increase in the furnace temperature resulted in thermal gradient increasing by
0.27 and 0.68◦C/mm, for the top and bottom sections. Previous flange temperature
measurements were obtained by manually pressing a thermocouple against the exterior
section of the flanges. The 1400◦C experiment had the thermocouple fixed in position
for the entire experiment; positioned between the flange and the alumina tube. The
temperature of the top and bottom flange increased to 329 and 281◦C, surpassing the
maximum service temperature. Consequently, the configuration of the flange had to
be adjusted before the temperature of the furnace could continue to be heated. Water
cooling was added to the flanges in order to reduce the temperature of the O-rings.
Other options were considered, as discussed in Appendix B. There was uncertainty as
to what degree the water-cooled flanges would influence the thermal gradient and as
such, the 1200◦C experiment was repeated with the use of water cooling in order to
determine their effect.
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The experiment showed that the inclusion of water-cooled flanges, relative to the
non water-cooled 1200◦C experiment, had increased the maximum thermal gradient
for the top and bottom sections by 0.33 and 0.48◦C/mm. This is the same order of
magnitude as increasing the furnace temperature from 1200◦C to 1400◦C. With the
effects of water cooling established, the last experiment held the furnace at 1400◦C for
90 minutes and then progressed up to 1600◦C.
Ultimately the 1600◦C experiment showed that the thermal gradient of the top and
bottom sections were 3.11 and 3.72◦C/mm, which did not exceed the recommended
maximum of 3.9◦C/mm. Therefore, the insulation configuration was deemed to be
appropriate, and did not stress the alumina tube with excessive thermal gradients.
4.2.4 Conclusions
External insulation was applied to the exposed sections of the alumina tube in order
to prevent a rapid drop in the alumina tube’s temperature when it emerged from
the internal refractory. The external insulation configuration was extensively tested,
across a temperature range of 1200◦C to 1600◦C, which showed that the alumina tube
sections were not subjected to excessive longitudinal thermal gradients. Water-cooled
flanges were shown to be required in order to maintain the temperature of the O-rings
below there maximum service temperature.
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4.3 Modelling of the Internal Thermal Profile
The geometric shape of the radiation shields were considered to be a contributing factor
to the high thermal gradient experienced by the alumina tube. One theory was that
the flat face of the radiation shields resulted in an abrupt axial temperature gradient,
thereby creating a local area of excessive thermal stress. As covered in section 2.4.2,
radiative heat transfer is determined primarily by the temperature of the surfaces
involved and their geometric shape. In complex geometries, view factors are difficult
to calculate by hand which promotes the use of modelling software such as ANSYS or
COMSOL.
Thereafter, a qualitative ANSYS model was developed which simulated the tem-
perature across the alumina tube including the external insulation and the radiation
shields. The primary aim of this model was to determine the longitudinal thermal
gradients of the alumina tube and to vary the geometric shape of the radiation shields
in order to find a geometry which minimised the maximum thermal gradient. In the
interests of time, it was decided to produce a qualitative, as opposed to a quantitative
model. A qualitative model will not be a perfect representation of the furnace but




Figure 4.8: The modelled geometry used in the ANSYS simulation annotated to show
the dimensions (on the left) and the heat fluxes applied to them (on the right).
The main alumina tube, external insulation, and radiation shields were modelled in
SolidWorks and imported into ANSYS. Dimensionally, this model is accurate to the
physical system and is shown in Figure 4.8a. The main alumina tube was sectioned
into 4 unique parts due to different fluxes being applied. Figure 4.8b shows these
sections and the types of applied fluxes. Despite being sectioned, all parts are bonded
together to allow for conduction between them. Section (1) represents the heated
section of the tube which is 125 mm high. This portion of the tube was assumed to be
the only heated section and had a heat flux of 3380 W applied evenly across its area.
This heat flux is based on the maximum energy consumption (5580 W) of the furnace
and the applied flux is 65% of this. This percentage is an estimated value and gives
section (1) a temperature between 1643 and 1920◦C depending on the radiation shield
configuration.
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On either side of the heated zone (1) are the sections of the tube which are inside the
internal refractory but not directly heated (2). A convective heat transfer term (8
W/m2 ◦C) is applied to these tube sections, which is a simplified representation of the
heat flux leaving the tube by the internal refractory. The tube now ”exits” the internal
refractory and the tube sections (3) are wrapped in external insulation material in the
same configuration used in the section 4.2.2, as described in Figure 4.4. It is assumed
that the insulation is tightly wrapped around the tube and therefore there is no
convective cooling on the alumina tube directly. Heat can propagate from the alumina
tube to the insulation via conduction. Radiative and convective heat transfer terms
were applied to the outward facing insulation surfaces to represent the heat transfer
to the ambient air (22◦C). The temperature dependent convection coefficients used
were built-in, tabular values for a vertical plane which range from 3.8 to 14.2 W/m2 ◦C.
The last sections (4) of the alumina tube were those which were not covered by
the external insulation and are the outer most sections of the alumina tube. Here, as
they are exposed to ambient conditions, they have a convective and radiative heat
transfer term applied to them. The alumina tube was sealed at either end with a 5
mm thick steel disc which acted as the flanges. They were subjected to convective and
radiative heat losses and conduction to its connected alumina tube section.
The internal radiative heat transfer was modelled with ANSYS’ surface-to surface
mode. This model assumes that the system is perfectly enclosed; all surfaces are
grey, diffuse and opaque; and Kirchoff’s law applies. Section 2.4.2 has explored these
assumptions along with the equations which ANSYS uses to determine the heat fluxes.
From these assumptions, it can be stated that the only radiative material property
required is the emissivity which was obtained from literature and is 0.57 and 0.075
for alumina, and steel respectively [82]. As the experimental heating/cooling rate is
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extremely low, 1◦C/min, it was assumed that the system would not deviate much
from its equilibrium conditions and therefore a steady state model was considered. An
initial temperature of 200◦C was set for all bodies.
4.3.2 Results and Discussion
Figure 4.9: The temperature distribution along the modelled geometry when no
radiation shields are used.
Five unique shield geometries were considered which were: parabolic, half-parabolic,
conical, cylindrical, and stacked discs. The geometries are shown in Figure 4.10 and for
each geometry the maximum diameter and height were kept constant at 80 mm and
130 mm respectively. The geometries were incorporated into individual thermal models
as well as a system without any shields. The models calculated the temperature across
the system and an example of this is shown in Figure 4.9.
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Figure 4.10: Starting at the top left, the geometries considered were: parabolic,
half-parabolic, conical, cylindrical, and a series of stacked discs.
Figure 4.11 plots the temperature and calculated thermal gradient values against the
height of the alumina tube to show the location of the maximum thermal gradients.
Four definitive peaks are observed and occur either side of the heated section (1), and
where the system transitions from the internal to external insulation (2).
Figure 4.11: The temperature and thermal gradient values plotted against the height
of the alumina tube when no radiation shields are used. Two pairs of peaks occur,
the first where the heated zone (1) ends, and the second where the internal insulation
zones (2) end and transitions to the external insulation.
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The magnitude of these peaks is due to an underestimation of the outgoing heat fluxes
from the internal portions of the tube. However, the position of thermal gradient peaks
in the transition between the external and internal insulation are realistic. As detailed
in section 4.1.2, a fracture due to a temperature difference occurred in this location.
(a) (b)
Figure 4.12: The maximum temperatures (on the left) and thermal gradient values (on
the right) obtained from six thermal models with different radiation shield geometry
configurations.
Figure 4.12a and 4.12b compares the performance of the various geometries in terms
of maximum thermal gradient and temperature respectively. The system without
radiation shields showed a greater temperature distribution as reflected by its maximum
thermal gradient of 11.2 ◦C/mm. However, its distribution of heat has resulted in a
relatively low maximum temperature of 1643◦C. This reinforces the established notion
that radiation shields are needed in order to maintain the heat in the furnace. The use
of cylindrical radiation shields significantly improves the maximum temperature (from
1643 to 1841◦C) but at the expense of the maximum thermal gradient (11.2 to 15.6
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◦C/mm). This highlights that this is a balancing act between the various factors. The
extreme of this is shown with the stacked discs configuration which had the highest
maximum temperature of 1920◦C but was also accompanied by the highest gradient of
18.6◦C/mm.
The parabolic, half parabolic, and conical geometries all showed lower thermal gradients
than the cylindrical geometry, with varying maximum temperature values. The most
notable of these is the half parabolic which, out of the three, had the highest maximum
temperature (1777◦C) and the lowest thermal gradient (14.2◦C/mm). When compared
against the default geometry, there is still a trade off between heat retention and the
thermal gradient. However, in the interests of lowering the thermal gradient, it is the
most suitable geometry.
In subsequent experiments, parabolic radiation shields were adopted. A parabolic,
rather than half parabolic, geometry was used due to late alterations/fixes to the model.
Previous versions of the model showed the parabolic had the lowest thermal gradient
but the necessary alterations changed the results of the conical and half parabolic
geometries which rendered them more effective that the parabolic. For future work, it
is suggested that the half-parabolic geometry be used instead.
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4.3.3 Conclusions
The thermal modelling of the various radiation shield geometries highlighted the trade
off between heat retention and its distribution. The stacked discs geometry had the
highest internal temperature of 1920◦C but at the expense of having the highest
thermal gradient of 18.6◦C/mm. The half parabolic geometry had the lowest thermal
gradient (14.2◦C/mm) and maintained a temperature of 1777◦C, and as such is the
recommended geometry. If this model is to be developed further for quantitative
purposes, there is potential for the external tube temperature values obtained in
section 4.2 to be used to validate the model.
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4.4 Internal Temperature Discrepancy
Figure 4.13: The predicted internal-external alumina tube temperature difference as
stated by the manufacturer. Obtained from: [57].
According to the manufacturer, and as shown in Figure 4.13, it is expected that there
will be a radial temperature gradient whereby the outside of the tube is hotter than
the interior. The manufacturer recommended recording the internal temperature and
then adjusting the controller to account for the difference. To verify the internal
temperature and adjust the controller accordingly, a type B thermocouple was ob-
tained from National Basic Sensor. The first measurements showed that there was a
significantly larger temperature difference than expected. According to Figure 4.13,
a temperature difference of below 5◦C should be achieved past 1250◦C. In tests this
difference was 150◦C. The large temperature difference could have been due to several
factors: The internal temperature probe may not have been in the hottest part of the
furnace; the controller/data-viewer may have been misrepresenting the voltage of the
thermocouple; or a significant quantity of heat may have been drawn away from the
constant temperature zone lowering its temperature.
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To determine if the controller/data-viewer was misrepresenting the voltage, the built-in
furnace’s thermocouple voltage was measured using a high accuracy voltmeter while
the furnace was at high temperature. A high accuracy voltmeter was required for
this measurement as type B thermocouples produce a small signal relative to their
temperature. When the furnace controller stated that the temperature was 1600◦C,
the voltage of the controller thermocouple was 11.22mv. This corresponds to 1600◦C
as indicated by the voltage table which can be seen in appendices C. At the same
time, the internal thermocouple stated that the temperature was 1426◦C and the
measured voltage was 9.40mv. This corresponds to a temperature of 1430◦C. These
measurements showed that the controller/data viewer were accurately reporting the
voltages produced by the thermocouples, and therefore the temperatures.
The next factor was the location of the constant temperature zone. In theory, the mid-
dle of the constant temperature zone is situated 500 mm from the top of the alumina
tube and is 125 mm in size according to the manual [78]. Previous experiments have
had the tip of the thermocouple 515 mm from the top of the alumina tube. The aim
of the experiment was to confirm the location and size of the constant temperature
zone, and to see if it varied at different temperatures. The furnace was set to hold at
1400◦C and then heated to 1600◦C.
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Figure 4.14: The measured internal temperature of the furnace showing the position
of the constant temperature zone.
Once the furnace had equilibrated to its hold temperature, the internal thermocouple
was lowered down and measurements were taken every 20 mm. Figure 4.14 shows that
the constant temperature zone is 60 mm in height, a departure from the 125 mm as
stated by the manual. The size of the observed constant temperature zone did not
vary significantly with respect to the temperature but this is a narrow temperature
range (1400-1600◦C).
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4.4.1 Radiation Shield Positioning
In order to electrolyse the slag it has to be a liquid in order to promote the free
movement of charge and material. In order to melt the slag, the furnace has to reach
an internal temperature of 1550◦C [59]. As the furnace can reach 1650◦C for long
periods of time, a temperature difference of 100◦C was considered manageable. A
smaller discrepancy is preferable as it reduces the maximum temperature the furnace
would be subjected to and therefore increase the life span of the alumina tube.
While there are other minor aspects of the system that could account for a small
difference in temperature, namely the radial position of the internal thermocouple or
the protective alumina sheath, the most likely reason for the temperature difference was
that heat was being drawn away from the constant temperature zone. To counteract
this the support system, and the radiation shields specifically, needed to be adjusted.
Five experiments were carried out which had multiple aims and Table 4.1 summarises
the results. Each experiment adjusted the position or geometry of the radiation
shields and recorded the temperature as stated by the controller and measured internal
temperature as stated by a type B thermocouple.
Table 4.1: The difference (◦C) between the stated temperature of the furnace’s controller
and the measured interior temperature across various radiation shield positions.
# Description 1200◦C 1300◦C 1400◦C 1600◦C 1650◦C
1 Minimal shields 190 185 - - -
2 Thin titanium shields - - - 132 -
3 Even shield placement - - 115 112 -
4 75 mm separation - - 105 85 -
5 65 mm separation - - - - 77
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Experiment #1 featured the use of only the parabolic radiation shields and they were
positioned 10 mm away from the flanges, as shown in Figure 4.15a. This experiment
acted as a control as the parabolic radiation shields are only present to reduce the
temperature experienced by the flanges. The furnace was heated to a controller
temperature of 1200◦C and then onto 1300◦C. At these temperatures, the temperature
difference was 190 and 180◦C respectively.
(a) Experiment #1 configuration. (b) Experiment #2 configuration.
Figure 4.15: The internal support configuration for experiment #1 (on the left) and
#2 (on the right). All measurements are stated in mm.
Thin titanium radiation shields were considered in experiment #2 as an alternative to
alumina shields as the material could be easily machined and could act as a oxygen-
capture device. They were positioned 35 mm from the secondary container’s outer
faces as shown in Figure 4.15b. The discs had a diameter of 80 mm. The temperature
difference was 132◦C but resulted in significant warping and damage to the titanium
75
discs as shown in Figures 4.16a and 4.16b. Despite their thin nature, they were able to
reduce the temperature difference significantly which suggested that a tiered structure
of thin discs could be an effective shield configuration. Nonetheless, the additional
parts could needlessly increase the complexity of the system.
(a) Top titanium shield. (b) Bottom titanium shield.
Figure 4.16: The top and bottom titanium radiation shields after being fired to 1600◦C.
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(a) Experiment #3 configuration.
(b) The dimensions for experiment #4 and
#5 are stated by the blue and red values
respectively.
Figure 4.17: The internal support configuration for experiment #3 (on the left) and
#4-5 (on the right). All measurements are stated in mm.
Experiment #3 positioned the radiation shields in close proximity to the transition
between the internal and external insulation and is shown in Figure 4.17a. The
temperature difference was lowered to 112◦C. In experiment # 4, the radiation shields
were reconfigured so that they were evenly placed with respect to the secondary
container and therefore the constant temperature zone. The configuration of the
radiation shields is shown in Figure 4.17b. The tip of the radiation shields were 75
mm away from the outer face edge of the secondary container which is significantly
closer than the last experiment. This reduced the temperature difference to 85◦C.
While this was not ideal, the difference had been reduced enough for electrolysis
experiments.
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Experiment #5 was in combination with an electrolysis experiment and it further
reduced the gap from 75 to 65 mm. This was to see how much the difference could be
improved upon. The position of the radiation shields is shown in Figure 4.17b and the
dimensions used are stated in red. The internal furnace temperature was able to reach
1573◦C which corresponds to an offset of 77◦C as opposed to the 85◦C difference of
the previous experiment.
4.4.2 Conclusions
The experiments showed that the primary reason for the temperature offset was due
to the position of the radiation shields. The data in table 4.1 shows that alumina
radiation shields are needed and that they have to be close to the hot zone to be
effective. The smallest temperature difference obtained between the measured interior
and furnace controller was 77◦C. While this is a workable temperature difference,
this is unlikely to be the optimal configuration and it should therefore be re-visited.
The reason for not pursuing this further is that the system is usable for preliminary
electrolysis experiments in the current configuration.
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4.5 Conclusions
This chapter has detailed the work done to minimise the identified factors which caused
a fracture to develop in the alumina tube, during the commissioning experiments.
A tiered configuration of external insulation was applied to the exposed alumina
tube sections, to prevent a sudden drop in temperature when the tube emerged from
the internal refractory. The configuration was determined to be suitable across a
temperature range of 1200 to 1600◦C via five thermal profile experiments. Water-
cooled flanges were determined to be necessary in order to maintain their functionality
above 1400◦C.
A qualitative ANSYS thermal model was developed which examined the geometric
shape of the radiation shields and their effect on the thermal gradient experienced by
the alumina tube. It was determined that a half-parabolic geometry contributed the
least to the maximum thermal gradient.
Lastly, the difference between the temperature as stated by the furnace’s controller
and the measured internal temperature was examined. A suitable position for the
radiation shields was established which lowered the temperature difference from 190◦C
to 77◦C. Overall, the risk of the alumina tube fracturing due to excessive thermal





Once the furnace was able to reach high temperatures without failure, start-up followed
by baseline experiments were conducted. This chapter covers the work done to develop
a suitable experimental methodology, the preliminary electrolysis experiments and the
subsequent analysis.
5.1 Start-up Experiments
In order to maximise the utility of the thermal profile experiments, basic electrochemical
experiments were run at the same time. They were carried out with the desire to perfect
the system and methodology for future experiments. The improvements obtained
ranged from basic user experience, to broadening the understanding of the system’s
electrical conductivity. The two experiments described below aimed to identify the
potential at which the faradaic reactions occurred at, through the performance of linear
sweep voltammetry. This was unsuccessful but did give an insight into the electrical
conductivity of a NZS iron slag and synthetic slag system.
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5.1.1 Electrical Conductivity of a NZS Iron Slag System
In the first experiment, 135 grams of powdered NZS iron slag was heated in a 35 mm ID,
80 mm H graphite crucible to a furnace temperature of 1600◦C which corresponds to
an interior temperature of 1468◦C. The configuration of the support system is identical
to the one shown in Figure 4.15b. A three electrode configuration was used with three
molybdenum wires being used for the cathode, anode, and reference electrode and
were contained in a quad bore, 1.57 mm ID, 6.35 mm OD alumina tube. Once at
temperature the electrodes were lowered into the slag. To do this the vacuum fitting
was loosened so the alumina sheath could be freely moved. Before the experiment, the
height of the alumina sheath, relative to the top surface of the flange was measured
when it was level with the slag. This was done in order to provide an estimate of how
much the alumina sheath needed to be lowered. The sheath was lowered and when it
was close to the predetermined height, the resistance between the cathode and anode
was measured with a voltmeter. The resistance was used as an indicator to determine
when electrical contact was made. When the resistance dropped significantly, it was
assumed that the electrode had just touched the slag. The electrodes were then lowered
to their desired depth (15 mm) and the sheath was held in place by tightening the
vacuum fitting.
Operating under the knowledge that a faster scan rate would produce a sharper current
peak/trough, a 1000 mV scan rate was provided by the model 371 Princeton Applied
Research potentiostat and a model 175 universal programmer. The voltage was swept
from +2V to -2V between the cathode and anode. Examination of the voltage-current
graph, as shown in Figure 5.1, did not reveal any major current peaks or troughs which
would be indicative of a faradaic reaction. The inverse gradient of the linear trend line
showed that the resistance of the system was 0.39 Ohms.
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Figure 5.1: +2V to -2V linear voltage sweeps on the NZS iron and synthetic slags at a
scan rate of 1000 mV.
One of the possible reasons for such a low resistance was the presence of 4.3% iron oxide
and an unknown quantity of metallic iron; a left-over production from the iron-making
process in the NZS iron slag. It was theorised that removing the iron and iron oxide
from the system would reduce the electronic conductivity of the slag.
Several synthetic slag blends were commissioned from Callaghan Innovation. These
blends had varying levels of TiO2 and the majority components found in the slag. These
synthetic slags did not contain any iron, iron oxide, or trace chemical components.
They were produced as it was suspected that iron oxide would hinder electrolytic
extraction due to its high electronic conductivity and low reduction potential.
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5.1.2 Electrical Conductivity of a #1 Synthetic Slag System
In the second experiment synthetic slag #1 was used which, as shown by Table 5.1,
has a similar chemical composition to the NZS iron slag. A similar methodology was
used except, as this was done at the same time as the thermal profile experiments, the
radiation shields were different. The support system configuration has been shown
in Figure 4.17b. 130 grams of synthetic slag #1 was added to a graphite crucible
which was heated to a furnace temperature of 1650◦C, which corresponds to an interior
temperature of 1568◦C. The voltage was swept in the same manner as the previous
experiment and showed a similar absence of faradaic peaks. Unexpectedly the system’s
resistance was lower at 0.23 Ohms compared with the previous resistance of 0.39
Ohms.
Table 5.1: Concentrations of the compounds found in synthetic slag #1 and the NZS
iron slag.
Compound NZS iron Synthetic

















There were two factors which would account for the difference in the systems resistance.
The first factor is temperature difference between the two experiments. An interior
temperature of 1468◦C was obtained in the first experiment and it is likely to have
only resulted in partial melting of the NZS iron slag. While at room temperature,
and in solid form, the slag is an insulator. If the slag only partially melted then the
electrical pathways would have been reduced, resulting in a higher reported resistance.
The other factor is varying electrode depths in the melt due to the slag wetting the
electrode.
The contact area between the slag and electrode impacts the amount of electrical
pathways between the two and therefore impacts the resistance of the system. In both
experiments it was aimed to have the electrodes 15 mm deep into the slag. However, the
wetting of the NZS iron slag up the electrodes added an uncertainty to the electrodes
depth which would have impacted the resistance of the system.
The voltage drop along the cathode was examined and it was found to be signifi-
cant. The average resistivity of a 1 mm diameter, 600 mm long molybdenum electrode
was calculated, and this can be seen in appendix D. The voltage drop across the
cathode was found to be 1.5 V at a current of 10A. To reduce this voltage loss, the
diameter of the electrode was increased to 6 mm. 6 mm was chosen as it had a low
theoretical voltage drop of 0.04V (at a current of 10A) and 6 mm molybdenum rods
were on hand as they are also used as the connecting material for the support system.
With regards to the slag/electrode interface, it is important to keep the contacted
surface area to a minimum as a large contact surface area would provide more electrical
pathways, reducing the resistance and therefore increase the current demand.
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Figure 5.2: The end of the modified molybdenum cathode highlighting the change in
diameter.
This lead to the current electrode design. The M6 rod would provide a low resistance
pathway for the current up to the slag. A 20 mm section at the end of the 600 mm
long molybdenum rod was reduced to a 2 mm diameter, and is shown in Figure 5.2.
This kept the electrode/slag surface area to a minimum. 2 mm is the smallest diameter
that could practically be machined in the CAPE workshop. The increased size of
cathode discounted the use of alumina bore tubes as an electrical insulator between
the cathode and flange. Telfon heat shrink was considered as an electrical insulation
material due to its melting point of 260◦C being higher than the expected flange
temperature. When tested, it did not melt but in practice it became so malleable that
the act of raising and lowering the electrode would result in the material flaking off.
Kapton tape was also considered and found to effectively maintain its structure across
multiple runs. Kapton tape is a polymer based, adhesive tape which is an electrical
isolator and can withstand temperatures up to 400◦C.
The potentiostat used (model 371 Princeton Applied Research) was able to reach
a potential of ±2V before it reached its 10A current limit. There was a desire to
examine a wider voltage range but this required a potentiostat with a higher current
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limit. Due to lack of suitable equipment, focus was shifted to performing constant
voltage electrolysis experiments while suitable equipment was sourced. Section 5.2.3
established a set of criteria to be used to source a suitable power supply/potentiostat.
In summary, the start-up experiments showed that the NZS iron and synthetic slag
systems possess a high electrical conductivity. The voltage drop along the cathode
was examined and shown to be significant (1.5 V at 10A). The cathode’s geometry




The aim of this experiment was to perform a constant voltage electrolysis experiment
in order to deposit titanium.
5.2.2 Methodology
The internal support system was configured to allow for an internal temperature of
at least 1550◦C: high enough to melt synthetic slag #1 [59]. This configuration was
previously shown in Figure 4.17b. A 35 mm ID, 80 mm H graphite crucible was 80%
filled with 130 grams of powdered synthetic slag # 1.
The system was purged with zero grade argon for 90 minutes at a flow rate of
500 ccm while the furnace was at room temperature. Once the oxygen content, as
detected by a Thermox CG-1000 oxygen analyser, was confirmed to be below 100ppm,
the flow rate was lowered to 150 ccm for the remainder of the experiment. After the
purge sequence, the sample was heated to a furnace temperature of 1630◦C, which
corresponded to an internal temperature of 1550◦C, at a rate of 1◦C/min. The sample
was held at temperature for 360 minutes before cooling at the same rate.
The graphite crucible acted as the anode and a molybdenum rod, as described in
Figure 5.2, was used as the cathode. A 1 mm molybdenum wire served as the reference
electrode. The reference electrode was sheathed in a 6.35 mm OD, 1.3 mm ID alumina
single bore tube. The top of the bore tube, which housed the reference electrode, was
sealed to prevent oxygen from entering the system. While at temperature, the cathode
87
was lowered until an electrical connection was established, as detected by a voltmeter
measuring the resistance between the cathode and anode. At this point the cathode is
assumed to be touching the surface of the molten slag. The electrode was lowered an
additional 15 mm, its desired depth. Special care was taken to monitor the depth of
the cathode to prevent the cathode from touching the bottom of the crucible/anode
and short circuiting the system.
A Measurement Computing 1808 data logger was used to record the voltages between
the cathode, anode, and reference electrode. A diagram of the electrical connections is
shown in Appendix E. A 1 mΩ shunt resistor was used to convert the current into a
voltage signal which could be detected by the data logger.
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A cell voltage of 2.7 V was then applied and maintained for 150 minutes with the
use of a Powertech MP3090 power supply. The material was electrolysed until the
system started its cooling sequence. At this point the applied voltage was halted and
the cathode was raised from the melt to allow easier examination and SEM sample
preparation. Upon cooling, the cathode was freed from the support material, as shown
in Figure 5.3, and was cross-sectioned perpendicular to the cathode’s longitudinal axis
at roughly 5 mm intervals using a high speed diamond saw.
(a) Cathode post firing. (b) Scaled picture of the cathode.
Figure 5.3: The molybdenum cathode post electrolysis experiment with material
adhered to it.
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Figure 5.4: A polished slag sample set in a copper mounting compound, prepared for
SEM analysis.
In preparation for imaging with a scanning electron microscope (SEM), the samples
were set in ProbeMet, a copper based compression mounting compound; polished using
progressively finer grade silicon carbide sandpaper (180, 320, 400, 600); and finally
polished using a diamond sandpaper with an average particle size of 9 µm. The exterior
surface of the sample was carbon coated. A prepared sample can be seen in Figure 5.4.
The composition and micro-structure of the produced material was examined using a
JEOL IT-300 scanning electron microscope with energy-dispersive x-ray spectroscopy
(EDS) and back scatter electron detection (BED-C).
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5.2.3 Results and Discussion
Figure 5.5: Overview picture of the cathode/slag interface highlighting the higher
magnification areas (1): Figure 5.6, (2): Figure 5.8.
Figure 5.5 is an overview of the cathode and the surrounding slag. It shows a clear
band of produced material around the molybdenum cathode (1) along with a large
quantity of lightly coloured, speckled material in the surrounding areas (2). Figure
5.5, 5.6, and 5.8 were captured using BED-C where elements with high atomic weights
are lightly coloured and vice versa. To examine these points of interest two higher
magnification images were taken at the highlighted areas. Zones (1) and (2) can be
seen in Figure 5.6 and 5.8 respectively.
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Figure 5.6: Annotated image showing the layered structure of the deposited material
on the molybdenum cathode.
Four distinct layers were identified by examining Figure 5.6 and its X-ray counterpart,
Figure 5.7. The average atomic % of each layer is shown in Table 5.2 and summarised
below. For the remainder of the chapter, all stated % are atomic %.
• Layer 1, which is best seen in Figure 5.7 as the bottom purple band, is 65.0%
molybdenum, 21.1% silicon and 9.1% oxygen. The molybdenum and silicon are
in an approximate 3:1 ratio respectively (Mo3Si).
• Layer 2 is comprised of titanium, 67.0%, and oxygen, 24.7%. There are small
quantities of molybdenum and silicon with trace amounts of the other slag
elements.
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• Layer 3 is a slag phase seen in the bulk material which is discussed later.
• Layer 4 is 47.4% titanium, 29.7% silicon and 14.2% oxygen. Molybdenum is also
present in small quantities.
Table 5.2: Atomic % of the elements found in the layers of material adhered to the
cathode and the approximate ratios of key elements, as shown in Figure 5.6.
Layers
Element (1) (2) (3) (4)
O 9.1 24.7 58.5 14.2
Mg 0.8 0.5 8.3 0.7
Al 0.5 0.4 11.5 0.5
Si 21.1 3.0 4.5 29.7
Ca 0.7 0.7 4.8 0.8
Ti 2.6 67.0 12.3 47.4
Mo 65.0 3.6 0.1 6.8
ratio of key elements MoSi0.3O0.1 TiO0.37 TiAlMgO TiSi0.6O0.2
Figure 5.7: X-ray image of the cathode/slag interface showing the distribution of
specific elements.
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The morphology of the layers suggests that it was once a completely connected layer
and it has then been broken up by some mechanism. In layer 3 there are isolated
pockets of material from both layers 2 and 4 which are irregular in shape and size.
There are two possible explanations for this. As mentioned previously, the applied
voltage is discontinued once the furnace had reached the end of its hold time. The slow
cooling rate of 1◦C/min would have allowed for an extended period of time where the
attracted, deposited material could have relaxed and drifted away from the cathode
while still a liquid. Alternatively, at the end of the hold sequence the formed layers
could have been fractured due to lifting the cathode up from the melt. In the future,
this hypothesis could be checked by leaving the cathode in the sample for the entire
experiment and applying a voltage until the material has frozen in place.
Comparisons can be made between layers 1 and 2. Due to the extremely similar
deposition voltages of titanium and silicon, and the large over-potential applied, it
is unlikely that one material would be deposited without the other. Layer 2’s high
titanium content seems to contradict this as only titanium is present. One theory is
that both materials were deposited in similar ratios to that seen in layer 4 but the
silicon either dissolved in, or formed a stable structure with, the molybdenum cathode.
Assuming that the oxygen present in layer 1 is associated with the silicon, then
the silicon has been reduced going from SiO2 to SiO0.43. The same assumption was
applied to the Ti:O ratio in layer 2, where the titanium was reduced from TiO2 to
TiO0.37. It is hard to draw conclusions with layer 4 due to not knowing which element,
titanium or silicon, is associated with the oxygen. If the oxygen is soley associated with
silicon the ratio is SiO0.5; and it is TiO0.30 if it is only associated with the titanium.
If it is split between titanium and silicon the ratio is MO0.19 where M is the sum
of titanium and silicon. Silicon (29.7%) and titanium (47.4%) are not present in
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equal quantities, Ti1.6Si, which suggests that the kinetics of titanium’s electrochemical
reaction is greater than that of silicon.
Figure 5.8: Magnified view of the lightly coloured, pockets of partially reduced Ti/Si
found near the cathode.
The pockets of lightly coloured material are approximately 56 % titanium, 32% silicon,
and 11% oxygen. This material is referred to as the ”pocket material” for the rest of
the thesis. Two observations about the chemical composition can be made. Firstly, it
was noted that there was a greater Ti:Si ratio in this pocket material (Ti1.75Si) than
there was in layer 4 (Ti1.6Si). Secondly, the oxygen-to-metal ratio was calculated and
the pocket material’s ratio was found to be lower (MO0.13) than in layer 4 (MO0.19).
These two values can be explained by the following notions.
• The pocket material’s location in the bulk slag could have allowed for easier
transport of titanium into and oxygen out of the pocket material.
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• The conditions at the pocket material could have promoted a faster kinetic rate
for the titanium reduction reaction.
• The composition of the two materials could have been incorrectly identified due
to variation within the material.
It is suggested that this be examined further in future experiments in order to draw
solid conclusions.
The distance between the pocket material and the cathode is a matter of interest. The
composition suggests that there has been electrochemical reduction but it would be
expected for this to occur at the cathode’s surface and not in the surrounding areas.
The reduced material is concentric with respect to the cathode and does not occur
beyond 2500 µm from the outer edge of the cathode. The counter-point to this would
be that the reaction occurred spontaneously and was not the result of the applied
current.
A control experiment was performed in order to establish if the pocket material was
produced through electrochemical means or if it was an expected phase. A 5.0 gram
sample, which has the same chemical composition as the last experiment, was prepared
in a 14 mm ID, 20 mm H graphite crucible and was heated in the same manner as
outlined in the previous methodology. This time the cathode was not lowered into the
melt and therefore no current was passed through the sample.
After firing, the sample was examined with a SEM, prepared following the same
methodology outlined previously, and no pockets of reduced material were found.
Table 5.3 details the phases that were present in both samples. Visually this can
be seen in Figure 5.9. The absence of the pocket material in the control experiment
results supports the notion that this is indeed an electrochemical product.
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Figure 5.9: X-ray map of slag #1 showing the different phases detailed in Table 5.3.
Table 5.3: Atomic % of the different elements present in the phases of synthetic slag
#1, as shown in Figure 5.9 and the approximate ratios of key elements.
Element Dark green (1) Pink (2) Purple (3) Light green (4) Yellow (5)
O 52.5 56.1 50.9 50.8 43.9
Mg 16.1 0.0 7.7 11.3 5.0
Al 26.3 0.2 3.4 12.1 5.0
Si 0 0.1 17.7 8.2 3.5
Ca 1.1 21.1 18.0 7.0 3.2
Ti 3.9 22.4 2.2 10.5 39.3
Ratio Al2MgO3 TiCaO3 CaSiMg0.5O2.8 TiAlMgSi0.5Ca0.5O TiO
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There are two possible theories which would explain the reduced material’s location.
The first possibility is that dendrites formed, radiating outwards from the molybdenum
cathode, towards the graphite crucible and formed an electrical pathway to the pockets
of materials. Dendrites are defined as branch like, highly ordered structures which
originate from protrusions on the cathode and grow outwards. They are produced
due to high current, diffusion-limited systems and only occur past a well defined
over-potential [84]. Before dendrites are formed there is an induction period where
precursors are formed and become concentrated. Figure 5.10 shows an example of the
branching structure of dendrites.
Figure 5.10: An example of the expected structure for electrolytically produced
dendrites. Obtained from: [85].
While there are cracks radiating from the cathode going outward, as shown in Figure
5.5, there is not the branching structure connected to the produced material which
would be indicative of dendrite formation. It is more likely that these cracks are the
result of the high speed diamond saw used to prepare the samples for SEM imaging.
The only other likelihood is that the branch-like structures were formed and then
dissolved back into the slag upon cooling.
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Figure 5.11: An annotated diagram of the electrolytic cell detailing the voltages at the
cathode and at the point where no more pocket material is found. These voltages are
relative to the anode, which is outlined in red.
The second and more likely theory is that the bulk reduction of titanium and silicon
was caused by a large over-potential which, due to the high electrical conductivity of
the slag, has allowed for the material around the cathode to be at a sufficient potential
for reduction to occur. Figure 5.11 shows an annotated diagram of the electrochemical
cell. The light blue region represents the area in which the pockets of TiSi0.57O0.20
are found. As the distance from the cathode increases, the potential drops from
the cell potential (Vcell) to the minimum reduction potential (Vmin). Vmin occurs
approximately 2500 µm from the cathode surface and past this point, no more reduced
material is found. Graphically this is also shown in Figure 5.12.
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Figure 5.12: Supporting diagram detailing the voltage variation as the distance from
the cathode increases.
Current Efficiency
As the name suggests, the current efficiency of a system is a good indication of how
effective the electrolytic cell is at reducing material and has been calculated below
for that purpose. The volume of reduced material on the cathode and the reduced
pocket material was estimated from examining the SEM images. A constant chemical
composition was assumed based on the observed values. Appendix A lists all of the
assumptions used and the full calculations used to obtain this value. The current
efficiency is stated by equation 5.1.
e = ∆mexperimental∆mtheoretical
∗ 100 = 1.1% (5.1)
Where mexperimental is the mass of the reduced material found at the cathode and in
the pocket material. mtheoretical is the mass of the material that should be produced
based on the Faraday’s law of electrolysis. The calculation highlights that most of
the electrolytically produced material is found in the bulk slag (0.425 g) and not
at the cathode (0.009 g), and that the process is very inefficient. To put this into
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perspective, high temperature electrolysis of copper sulfides to copper on a lab scale
has a current efficiency of around 5% [34]. The established Hall-Héroult process, used
in the production of aluminium, has an efficiency between 85 and 95 % [25]. Lastly
the FFC Cambridge process is reported to have a current efficiency of 50% [24]. There
are several possible explanations [86] for a low current efficiency which are:
• The loss of products due to sample preparation.
• The occurrence of secondary reactions involving the products.
• Short circuits in the electrical configuration.
• Ohmic heating.
• The re-oxidation of reduced materials after the electrolysis process.
The full electrolytic process is not yet fully understood, so it is possible that the current
is being diverted away to an unknown electrochemical reaction. Given the scale of the
reaction however, evidence of this unknown reaction should have been seen during
the SEM analysis. In this situation, the extremely low current efficiency should be
primarily associated with the high electrical conductivity of the electrolyte, which has
resulted in a large amount of ohmic heating as the electrons pass through the electrolyte.
As the current efficiency is lower than expected, the electrolysis experiments should be
run for longer to produce more material for analysis. If the electrolyte’s high electrical
conductivity is the primary reason for the low efficiency, its composition could be
adjusted to improve the ionic conductivity and reduce the electronic conductivity.
There is research that shows an increased ionic conductivity in TiO2 melts with the
inclusion of BaO [47].
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Power supply/Potentiostat
In order to perform more insightful and complex electrochemical analytical techniques,
a more suitable power supply/potentiostat is required. Due to the extremely high
current requirement it is unlikely that a potentiostat would be economically feasible.
If a new power supply were to be purchased for this project the following procurement
criteria should be used.
• Needs to be able to sweep potentials from 0V to 5V with currents up to 60A.
• Needs to be able to interface with a computer for control and data logging
purposes.
• The resolution on the data logging should be able to distinguish on the mV scale.
• The best price in terms of value.
• Compact size for effective lab placement.
Interfacing with a computer is important for data logging purposes and for the control
of the voltage. A high degree of control over the potential will allow for linear sweep
voltammetry to be carried out a various scan rates.
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5.3 Conclusions
The baseline electrolysis experiment showed that there were four unique layers of
material on the cathode. The outermost layer showed the partial electrolytic reduction
of titanium and silicon (47.4% titanium, 29.7% silicon, and 14.2% oxygen). The
deposition of titanium and silicon at different proportions indicated that the kinetics
of the titanium reaction were higher than that of the silicon reaction. Pockets of
reduced material (56% titanium, 32% silicon, 11% oxygen) were located up to 2500 µm
from the cathode due to the high electrical conductivity of the slag. The system’s







A high temperature support system, made from a composite of materials, was designed
and produced for a MTI GSL-1700X-100VT-UL vertical tube furnace. The support
system allowed for samples to be held in the constant temperature zone and for the
introduction of electrodes into the system while maintaining an inert environment.
Early design decisions to have an easily adjustable configuration proved to be advanta-
geous when it came to the commissioning of the furnace.
Early experiments resulted in the main alumina tube fracturing which was asso-
ciated with a high heating/cooling rate, a large thermal gradient in the longitudinal
and radial direction, and a lack of external insulation. The heating/cooling rate was
reduced to 1◦C/min, from 10◦C/min when above 1200◦C and 5◦C/min above 1200◦C.
External insulation was added to the exposed ends of the alumina tubes in a tiered
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manner. To evaluate the effectiveness of the insulating material, the temperature
along the exposed ends of the tube was monitored with 10 K type thermocouples. The
metric used to evaluate the effectiveness of the insulation was the thermal gradient
(◦C/mm) which was compared against a reliable manufacturer’s specifications for
large diameter alumina tubes [80]. A series of experiments was conducted where the
temperature was slowly increased and water cooling was introduced when required.
The thermal gradient values were within the recommended values, and the insulation
configuration was deemed to be appropriate. A basic, qualitative ANSYS thermal
model was developed to determine what radiation shield geometric shape contributed
the least to the maximum thermal gradient experienced by the alumina tube. Five
shapes and a control configuration were considered and it was determined that a
half-parabolic shape had the lowest maximum thermal gradient.
It was observed that there was a large difference between the temperature stated by
the controller and that of an internal thermocouple; significantly larger than predicted
by the manufacturer. The cause of this discrepancy was associated with the position of
the radiation shields. As such, a series of experiments were performed which optimised
their position. A suitable position of the radiation shields was found which reduced
the temperature difference from 190◦C to 77◦C.
Baseline electrolysis experiments were conducted and SEM analysis showed that
there was four distinct layers of material on the cathode. Two layers showed clear
signs of reduction. The first was high in titanium (67.0%) with moderate quantities
of oxygen (24.7%). The second layer was predominately titanium (47.4%) , silicon
(29.7%), and oxygen (14.2%). Pockets of titanium (56.0%), silicon (32.0%), and oxygen
(11.0%) were found up to 2500 µm from the cathode in the bulk slag. The pockets
of TiSi0.57O0.20 were confirmed to be the product of an electrochemical reaction via
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a control experiment and did not occur spontaneously. The presence of pockets of
reduced of TiSi0.57O0.20 in the bulk electrolyte instead of being attached to the cathode
was explained by two theories. Firstly, dendrites could have grown from the cathode
which would have connected the pockets to the charged cathode. This theory was
deemed to be unlikely as no sign of the dendrites were seen during SEM analysis. The
second, and favoured, theory was that the low resistance of the molten slag allowed for
the deposition potential to be achieved away from the cathode. The current efficiency
of the process was determined to be 1.1% which suggested that the conductivity of the
slag is predominately electronic, and that energy was being lost due to ohmic heating.
Ultimately, experimental capabilities for an ultra-high temperature electrolytic process
was developed. Baseline electrolysis experiments were conducted which showed the
partial reduction of titanium and silicon. This thesis provides existing and future
University of Canterbury researchers a solid starting point to fully characterise and




• While the current system allows for high temperature electrolysis experiments,
minor usability, and longevity improvements can be made. Currently a 101 mm
OD alumina tube is used to contain the sample in a controlled environment.
Large diameter alumina tubes are not ideal as they are more expensive, and
more sensitive to thermal shock than their smaller diameter counterpart. As per
the manufacturer’s specifications, the furnace can accept a 101 or 80 mm OD tube.
The use of an 80 mm OD tube is an improvement but it could theoretically be
reduced further, but would require modifications to the internal refractory to
prevent too much heat from escaping the hot zone. If a smaller tube were to be
used then the support structure would have to be downsized accordingly and
this allows the opportunity to fix a minor usability issue. The current position
of the vacuum fittings makes tightening them with tools at high temperatures
difficult, as access to them is restricted. The current flange design is shown in
Figure 6.1a and the proposed solution is to shift a vacuum fitting to the right,
as shown in Figure 6.1b.
• The internal temperature difference is currently tolerable, but ideally this should
be reduced as much as possible. A smaller difference increases the temperature
range at which we can operate, and also reduces the amount of stress experienced
by the system. This can be achieved by the continued development of the ANSYS
model to try to further optimise the position/shape of the radiation shields. The
accuracy of this model could be increased further by including the presence of
the remaining support structure.
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(a) Current flange design. (b) Proposed flange design changes.
Figure 6.1: The position of vacuum fittings in the current and proposed flange design
to allow for improved tool access.
• The electrolysis experiments showed that titanium and silicon were deposited
together but titanium seemed to be kinetically favoured. Previously it was
discussed that the potential at which deposition occurs for titanium and silicon
is very similar. The exact potentials at which silicon and titanium are deposited
needs to be fully defined as it might be possible to selectively deposit titanium,
being the more valuable product. To do this, linear sweep voltammetry should
be re-examined with an appropriate power supply/potentiostat. Section 5.2.3
outlined a set of criteria for a suitable power supply.
• The high electrical conductivity of the slag proved to be an issue in terms of
the current requirements and contributed to the low current efficiency. The
composition of the slag should be examined to try and reduce its electronic
conductivity while improving its ionic conductivity. Ionic melt components such
as BaO have been included by other research groups for the purpose of increasing
the ionic conductivity [47]. A methodology to quantify and distinguish between
electrical and ionic conductivity will have to be developed/adopted. There are a
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variety of methods which have been used successfully by other research groups
[48].
• The material deposited on the cathode had a layered structure which might
indicate a multistep reduction process. This notion is supported by literature
which has shown that the reduction from TiO2 to Ti occurs across five steps
[87]. An electrolysis experiment should be run under the same conditions as the
previous experiment but the slag should be electrolysed for as long as practical,
and the cathode should be left in the slag until it has solidified, so as not to
disturb the developed layers. The longer electrolysis time should allow for more
material to be deposited and make analysis clearer. It might also show the
relative size of the layers which might indicate the relative rates of the steps.
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Figure A.1: Calculations used to determine the current efficiency of the electrolytic




The flange design relied on during the 1200 and 1400◦C experiments, as described in
section 4.2.3, used silicone o-rings which were compressed to form a gas seal. As the
temperature increased it surpassed the maximum service temperature of silicone (315◦C
[78]) which resulted in the gas seal being ineffective due to the reduced mechanical
properties of silicone. There were several potential modifications to the flange sealing
method which address the rising temperatures and are listed below:
• Metal O-rings
• Silicone O-rings with water cooling
• Face sealing method
• Sealing with high temperature glues
The most immediate solution to the problem is to obtain an O-ring material which can
withstand a higher temperature and still seal the system. In terms of plastics there
are very few that can outperform silicone. PTFE and PEEK have a slightly higher
melting point at 326 and 343◦C respectively but these are only marginal gains.
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Metal O-rings are a possibility but the higher strength of the metals requires more
force to create the seal which might in turn damage the alumina tube.
An alternative method is to hold the inner faces of the flange against the edges of
the alumina tube which might create a sufficient seal. This was tested by configuring
the system and flowing zero grade argon across through the tube and recording the
oxygen content of the outlet stream. After flowing 500 ccm of argon for two hours
the reported O2 levels had not changed from ambient conditions and as such it was
deemed that there was an insufficient seal. This method could be improved via the
use of high temperature adhesives to fill any gaps. This method is not ideal as the
flange has to be removed after each run to recover the sample and the removal of the
adhesive would be difficult.
The last option is to continue to use the silicone O-rings but use water cooled flanges.
This is a preferred solution in terms of usability but the effect it has on the thermal
gradient needs to be determined through low temperature experiments before higher






Figure C.1: Literature values for the voltages produced by type b thermocouples across






Figure D.1: Estimations of the voltage drop across molybdenum electrodes based on





Figure E.1: The electrical connections of the power supply and data logger used in the
experiment described in section 5.2.
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Appendix F
Half Cell Reduction Potential
Calculations
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Figure F.1: The calculations of the half cell reactions of key compounds from literature





Figure G.1: Graphical representation of an acidic and basic metal oxide melt [43].
It has been proposed that molten oxide systems can be described in a similar manner
to the Lewis model for acidity/basicity [90]. Basicity in this context can be described
as the average negative charge borne by the oxygen atoms in an oxide-containing
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system [90]. Theoretically, the optical basicity values are obtained by examining the
ultra-violet 6s and 6p absorption band. The separation between the two bands is
related to the positive charge of the metal ion. Ultimately, this produces an optical
basicity value which is relative to CaO, which has a value of 1.0 and is considered to
be a highly basic material. Table G.1 shows the optical basicity values for key oxides.
The optical basicity of a composite material can be calculated as shown in equation
G.1. Where XA is the equivalent mole fraction of the cations present; and Λ is the
optical basicity of the compound. The optical basicity for NZS iron slag was calculated
using equation G.1 and found to be 0.61. This indicates that the slag is relatively
”acidic”.
Table G.1: Optical basicity values for common metal oxide compounds [90].









Λ = ΛAXA + ΛBXB (G.1)
Optical basicity can be used as a comment on the level of polymerisation. ”Acidic”
samples have higher levels of network formers such as SiO2, and therefore the sample
is more structured. Likewise a ”basic” sample has higher proportions of network
breakers, such as CaO, and are more segmented. Optical basicity has been shown to
be linked to physical properties such as viscosity and density, as shown in Figure G.2.
There are empirical relations between optical basicity, viscosity [91] and density [92]
for certain molten oxide systems. The optical basicity of the electrolyte can be used to
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evaluate the compatibility of the electrolyte with the electrode and crucible material.
As previously mentioned, research [37] has shown significant levels of corrosion of an
iridium electrode in a basic solution but was deemed suitable in acidic conditions.






Figure H.1: A line scan across the cathode/slag interface, as shown in Figure 5.6,
showing the elemental composition of the layered material on the molybdenum cathode.
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Figure H.2: A line scan across the pocket material, as shown in Figure 5.8, showing the





Figure I.1: Dimensioned drawing of the modified top flange.
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Figure I.2: Dimensioned drawing of the top parabolic radiation shield.
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Figure I.3: Dimensioned drawing of the top cylindrical radiation shield.
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Figure I.4: Dimensioned drawing of the secondary container to house two 20 mm OD
crucibles.
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Figure I.5: Dimensioned drawing of the secondary container to house a single 45 mm
OD crucible.
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Figure I.6: Dimensioned drawing of the bottom parabolic radiation shield.
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Figure I.7: Dimensioned drawing of the bottom cylindrical radiation shield.
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